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CHAPTER I. INTRODUCTION 
Atomic absorption spectroscopy is an analytical tech­
nique for the detection and quantitative determination of 
trace elements. As presently practiced, the technique is 
based on the measurement of the fraction of incident reso­
nance line radiation transmitted by a sample in the 
atomic vapor state. $ and $ are the incident and trans-
o 
mitted radiant flux, respectively. The measured ratios, 
(0/$^ ), for a set of standard solutions constitute the basis 
for the comparative estimation of the concentration of the 
analyte in the unknown solution. With very few exceptions, 
the atomic vapor is generated by the physical and chemical 
action of a flame on a sample-laden aerosol. Discrete line 
emitters, such as hollow cathode lamps and electrodeless dis­
charge tubes, are almost universally employed as the primary 
radiation source. These radiation sources produce lines that 
have profiles as narrow and usually narrower than those 
of the absorption lines of atoms in the flame. Narrow line 
emission sources are used so that the largest absorption 
signal for a given line and atomic population, the peak 
absorbance, can be conveniently measured without recourse to 
very high resolution instruments. Accurate measurement of 
the transmitted radiant flux is facilitated by modulation of 
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the primary source. The essentially constant flame emission 
signal is not amplified by a tuned^  narrow-band ac ampli­
fier. 
The atomic line radiation of interest is separated from 
all other lines by a suitable filter or dispersing device, a 
prism or grating monochromator which, with the appropriate 
radiation detector and amplifying system, makes possible 
accurate measurement of the light attenuation. 
In addition to resonance line absorption by analyte free 
atoms, other photon interaction processes may also contribute 
to the attenuation of the primary source radiation. The proc­
esses that have appreciable probabilities of occurrence in 
flames are the following: (a) absorption by free atoms of a 
non-analyte, (b) absorption by natural flame molecules, (c) 
photodissociation continua associated with flame species, 
(d) absorption by molecules formed from sample constituents, 
and (e) continuum absorption and radiation scattering by small 
particles or liquid droplets in the flame. 
In some way, these processes (a-e) affect the practice 
of atomic absorption spectroscopy. Fasse1 et al., have dis­
cussed spectral interferences originating from wavelength 
coincidence between the analyte and other atomic constituents 
of the sample (1). Therefore, these atomic line-atomic line 
coincidences will not be treated further in this thesis. 
Light attenuation by the flame gases has been noted by 
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several investigators (2-9). But, the origin(s) of this 
phenomenon which have been suggested were generally specu-
latory. Molecular absorption by the OH radical was discussed 
by Robinson (4). Attenuation in the region below 2600 & was 
discussed by Allen (7, 8) for a number of flames. To our 
knowledge, photodissociation continua for natural flame 
species have not been discussed in the literature of atomic 
absorption spectroscopy. The origin of these attenuations 
(b and c) and their importance in atomic absorption 
spectroscopy will be discussed in this thesis. Absorption 
by molecular species formed from constituents of the saitçle 
has been reported (10-14). The paper by Koirtyohann and 
Pickett described a few cases of spectral interferences from 
metal halide, monoxide, and monohydroxide molecular absorp­
tion in low and intermediate temperature flames (10). Radia­
tion scattering has also been cited as source of spectral 
interference. Willis (15) and David (16) encountered this 
problem when low-tempe rature flames were employed. 
Billings (17) undertook an extensive study of scattering by 
a number of salts in the air-acetylene flame, but his 
studies, in our opinion, were somewhat inconclusive. For a 
time, scattering was cited as the cause of virtually all 
troublesome light attenuations encountered in atomic absorp­
tion analysis (in flames both with and without aerosolized 
sample solutions). However, Koirtyohann and Pickett (11, 18) 
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reported that scattering was insignificant for all practical 
purposes. They contended that the light attenuation was 
caused by molecular absorption such as that described in one 
of their earlier papers (10). 
Although atomic absorption spectroscopy has found exten­
sive and widespread application, it is somewhat surprising 
that relatively little study has been accorded these inter­
ferences. In part, this oversight may be attributed to the 
understandable difficulty in recognizing the occurrence of a 
spectral interference under the experimental conditions nor­
mally enployed. Frequently, identification of the process(es) 
responsible for the spectral interference is difficult. In­
deed, in much of the early atomic absorption literature, 
spurious attenuations were often incorrectly associated with 
various processes. To add to the confusion, many rather sub­
jective claims can be found in the journals stating that the 
technique is free of spectral interferences (4, 19-26). 
In this thesis, the origins of the light attenuations 
discussed earlier which may give rise to spectral interfer­
ences will be examined in detail. Attention will be focused 
on the following: molecular absorption by natural flame 
species, i.e., combustion products and reaction intermedi­
aries ; molecular absorption by species arising from the sample 
constituent(s); and light losses associated with radiation 
scattering and absorption by particulate matter in the flame. 
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CHAPTER II. MOLECULAR ABSORPTION SPECTROSCOPY OF FLAMES 
During the last 15 to 20 years significant advances in 
the study of flames have been made by investigators primarily 
interested in the elucidation of the processes relevant to 
flame propagation, i.e., the chemistry and kinetics of flames. 
Spectroscopic techniques have played a large role in these 
investigations. The general features of most flames indicate 
that most of the radiation is emitted by relatively simple 
molecular species, usually di- and tri-atomic molecules. 
From the standpoint of reaction kinetics and mechanisms, the 
primary reaction zone is of singular interest. The first 
consideration in advancing the understanding of flame 
chemistry is to follow the growth and decay of various con­
stituents existing in this zone of stationary flames. The 
emission intensities of many species in the primary reaction 
zone have proven veiry difficult to relate to the actual con­
centration of their respective precursors. Emission inten­
sities are directly related to the population of the excited 
state(s) of a given species. The populations are influenced 
by the specific excitation process experienced by the 
species (e.g., collisional, radiational, chemical, etc.). 
In flames, molecular species may be produced in a number of 
different states of excitation as a result of the highly 
energetic chemical reactions taking place. When this 
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"chemiluminescence" occurs, certain states may be populated 
far in excess of that expected on the basis of thermal 
equilibrium. Hence, the direct correlation of emitted inten­
sities under these conditions leads to highly inaccurate 
estimates of the absolute or relative concentrations of the 
emitters. On the other hand, the intensity of absorption 
exhibited by atoms or molecules can be more confidently 
correlated with their concentration since transitions 
originating in the ground state are measured. The population 
of the ground state is much less sensitive to temperature and 
to excitation conditions such as chemiluminescence. At 
equilibrium, the population of each excited state is related 
to the total population and to the absolute tenperature by 
the Boltzmann equation 
n^  = N(g^ /Q)exp{-E^ AT) 
where is the number of particles in the i^  ^excited state, 
N is the total number of particles, g^  is the statistical 
weight or degeneracy of the i^  state, Q is the partition 
function or sum over states (in this case, the elec­
tronic partition function e^lec ~ ^ i^ ^ xp (-E^ /^kT) is 
the energy of the i^  state, k is the Boltzmann constant 
(1.38 X 10~^  ^erg deg"^ ) and T, the absolute temperature. A 
comparison of the population of the first excited electronic 
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state, , with the population of the ground state, n^ , using 
Ca 4227 S as an example, indicates that the total number of 
Ca atoms, N, is essentially the same as the ground state 
population. At 2000°%, the fraction of atoms in the excited 
state is lO""^ , 4 x 10~^  at 3000°% and 6 x lO"^  at 4000°K. 
Therefore, thermal depopulation of the ground state is 
insignificant although the temperature dependence of the 
equilibria that the species may be involved in must be con­
sidered (e.g., ionization, dissociation, association, etc.). 
Absorption spectra, however, are more difficult to ob­
serve, especially in high-temperature absorption cells. At 
prevailing flame temperatures, many species may emit 
strongly at the same wavelength that they absorb. In such 
instances, the emitted radiation may obscure the absorption. 
Two general approaches have been used to overcome this 
problem. The first, which is used for photographic or dc 
photometric recording of absorption spectra, requires that 
the brightness temperature of the background light source 
greatly exceed the effective excitation temperature of the 
flame. The second approach is the use of primary source 
modulation coupled with a similarly tuned photometric 
detector-readout system. In this method, the primary source 
is modulated either by a mechanical light chopper or through 
pulsed operation of the source power supply. This pulsed 
signal and any emission from the absorption cell is amplified 
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by the detector (e.g., a photomultiplier tube). However, the 
main amplifier in this case is a tuned, phase-sensitive, ac 
amplifier which rejects the unmodulated flame emission signal. 
Naturally, this requires great long-term stability of the 
source for accurate measurement of the absorption over large 
wavelength regions. The flame must be quite stable both 
with respect to its composition and its gaseous flow 
characteristics (i.e., aerodynamic fluctuations) over the long 
period of time required for the slow wavelength scanning 
necessitated by weak absorptions. 
The resolution of the spectrograph or spectrometer is 
somewhat more critical for accurate recording of the absorp­
tion spectrum of a simple diatomic molecule. The spectral 
resolution required will depend upon the structure of the 
molecular bands of each species. Spatial resolution require­
ments are also frequently difficult to satisPrimary 
reaction zones are quite thin, usually only fractions of 
millimeters in thickness. Often the species of interest are 
present in a very restricted region of the reaction zone, or 
in low abundance, and frequently are poor absorbers. Hence 
long, absorbing paths are required which places great demands 
on the optical system (aperture considerations). 
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Review of the Literature 
Flame techniques 
Absorption spectroscopy has been used quite successfully 
for the study of the slow combustion of various hydrocarbons. 
Egerton and Pidgeon noted the appearance of strong continuous 
absorption which they associated with the formation of acids 
or peroxidic substances after which the banded absorption 
spectrum of formaldehyde appeared in the combustion of low 
hydrocarbons (27). Benzene absorption bands were also 
detected by these investigators for the slow combustion of 
heptane. Propionaldehyde, acetaldehyde, and formaldehyde 
formation and decay were followed during the slow combustion 
of propane by Newitt and Baxt (28). An absorption continuum 
was observed by Egerton and Pidgeon (27) and confirmed by 
Ubbelohde (29) in the study of the combustion of butane. The 
continuum was centered around 2600 8 and was also observed 
during the combustion of butyl and higher alcohols and for 
isopentane. This continuum has now been attributed to the 
formation of $-dicarbonyl compounds (30-32). 
Relatively thick, disk-shaped flames of rich, near-limit, 
slow-burning, premixed gases have been stabilized on special 
burners (33). The term near-limit refers to the maximum or 
minimum fraction of fuel in the mixture that will maintain 
combustion. The geometry of the reaction zone of mixtures 
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whose burning velocities are between 5 and 9 cm/sec is suit­
able for a detailed spectroscopic study. Spokes used this 
"flat" flame burner to study carbon formation in rich-limit 
flames (34, p. 229). Benzene absorption bands were detected 
prior to the onset of carbon formation. 
Wolfhard and Parker succeeded in maintaining flat pre­
mixed flames supported by oxides of nitrogen on small slot 
burners (35, p. 718). The dimensions of the burner slot were 
1 cm by about 0.1 cm with the width determined mainly by the 
quenching distance and burning velocity of the gas mixture. 
All the flames examined were characterized by relatively low 
burning velocities (less than 100 cm/sec for most and never 
greater than 200 cm/sec). Most of these flames have reason­
ably thick primary reaction zones, the thickness varying 
inversely with the burning velocity to a first approximation 
(36, p. 97). Thus, a detailed examination of the flame 
reaction zone(s) and post-flame gases was generally achieved 
with the help of long focal length, small aperture, achro­
matic lenses. Emission and absorption spectra were recorded 
photographically, the latter against the continuum provided 
by the anode of a carbon arc, a medium-pressure mercury vapor 
lamp or a hydrogen discharge tube. 
Nitrous oxide-hydrogen flames showed OH absorption in 
the reaction zone and burnt gases of about the same strength. 
The bands of the NO-y system were observed in the reaction 
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zone and also in the burnt gases regardless of the mixture 
strength. Fuel-lean flames showed the Schumann-Runge 0^  bands 
in absorption in the post-flame gases. With ethylene and 
nitrous oxide, NH absorption was seen in the reaction zone at 
the position where the absorption spectrum of OH was still 
weak. 
Very interesting spectra were obtained for flames sup­
ported by nitric oxide. The hydrogen flame showed OH absorp­
tion and the NO-y bands which were visible in absorption 
throughout the flame. The nitric oxide decoirposed in the 
reaction zone. Regardless of the mixture strength the re­
maining NO corresponded to the small amount predicted for 
equilibrium at the temperature of the post-flame gases. Og 
absorption, from the deconçosition of NO in fuel-lean mix­
tures, was again observed downstream from the flame front. 
The absorption spectra of the flames of ammonia burning with 
oxygen, nitric oxide and nitrous oxide showed some interest­
ing differences and some similarities. The absorption bands 
of NH were very strong in the reaction zone of both the 
ojQ^ gen and the nitrous oxide supported flames and were not 
much affected by the mixture strength. In contrast, the NH 
absorption was very weak in the nitric oxide-ammonia flame 
and only just visible in fuel-rich flames. Excess NO did 
not decompose in the lean ammonia flame as evidenced by its 
detection in absorption in the post-flame gases as well as 
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in the reaction zone. The absorption bands of NH^  were ob­
served in the reaction zone of both lean and rich flames. 
All fuel-rich hydrocarbon-nitric oxide flames showed an 
interconal region above the primary reaction zone, charac­
terized by strong CN and C2 emission. Fuel-lean flames of 
nitric oxide and various hydrocarbons possessed two 
distinct reaction zones. From the absorption spectra of 
these flames, it was evident that the NO was decoirposed in 
the reaction zone. The absorption bands of ©2 appeared when­
ever NO was in excess and coincided with the position of the 
second reaction zone. CN absorption bands were observed 
strongly in the reaction zone of the acetylene flame, very 
weakly in the ethylene flame, and not at all in the flame of 
ethane with nitric oxide. The NH bands were not observed in 
absorption for any of the hydrocarbon flames. In fact, for 
the acetylene flame, they appeared in emission along with 
CH against the carbon arc continuum. Under the same condi­
tions, the OK band at 3064 2 was observed in absorption but 
only in the post-flame gases. 
The structure of nitrogen dioxide supported hydrocarbon 
flames was striking in that they consisted of two distinct 
reaction zones. For very fuel-lean mixtures a third reaction 
zone, corresponding to the decomposition of excess NO, became 
visible. The absorption spectrum of NO2 was detected in the 
unburned gas mixture, but disappeared at the start of the 
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first reaction zone. Nitric oxide absorption bands appeared 
at that point and persisted a short distance into the second 
reaction zone. Just above this zone, the absorption spectrum 
of the OH radical was detected. In all respects, the absorp­
tion spectra of the post-flame gases were similar to those of 
the corresponding hydrocarbon-nitric oxide flames. Strong 
NO absorption bands were observed in the post-flame gases of 
single reaction zone hydrogen or carbon monoxide-nitrogen 
dioxide flames. 
For faster burning mixtures, these flat flames are im­
possible to maintain at atmospheric pressure. However, 
Wolfhard and Parker devised an ingenious burner for two-
dimensional flat diffusion flames (37). The reactants, 
traveling at equal velocity, meet and combust at the rectan­
gular burner exit and produce a more or less vertical, flat 
reaction zone. The authors were able to follow the consump­
tion of fuels such as NH^ , and C^ H^  by their absorption 
spectra. They also studied the variation of NH, OH, and 0^  
absorption and emission and NHg emission in the NH2/O2 
diffusion flame. Semi-quantitative estimates of the OH and 
Og concentrations were reported. Rather complete temperature 
profiles of the Hg/Og diffusion flame were obtained along 
with both vertical and horizontal profiles of the Og and OH 
molecules in absorption and emission. 
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For premixed flames of fast burning mixtures, however, 
absorption spectroscopy has failed to produce much detailed 
information about the microstructure of the primary reaction 
zone until very recently, although absorption by OH, NO and 
hot 0^  has been detected in the post-flame gases of near 
stoichiometric flames (38, p. 30; 39-41). Very hot flames, 
especially, those supported by oxygen, generally have quite 
high burning velocities and are usually characterized by 
extremely thin flame fronts. Detailed examination of the 
reaction zone is severely inhibited by the small size of the 
zone and by the tendency of a light beam to be deflected by 
the strong refractive index gradient. Hence, detailed 
studies of the absorption spectra of molecules which exist 
predominantly in the flame front (e.g., , CH, CN, NH, 
etc.) have not been reported for these atmospheric pressure 
flames. 
At low pressures the primary reaction zone of a premixed 
flame becomes appreciably thicker. In fact, the thickness is 
inversely proportional to the pressure (38, p. 34). For oxy-
acetylene mixtures the flame thickness increases from about 
0.02 mm at atmospheric pressure to about 2 cm at a pressure 
slightly less than 1 Torr. The resulting thick, disk-shaped 
flame necessitates the use of multiple-reflection mirror 
systems to counteract the decrease in absorbing sites per 
unit path length. In this manner, Gaydon, et al., in 1960, 
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reported the first observation of the absorption spectrum 
originating in the primary reaction zone of a fuel-rich, low-
pressure oxyacetylene flame (42). Twelve to twenty traversais 
of the flame using a White (43) multipass mirror system were 
required to provide sufficient optical depth to just obtain 
the 5165 2 (0,0) band head of the Swan system and the piled-
up Q-branch of CH at 3143 Photographic recording of the 
spectra required the use of a very intense background con­
tinuum source (xenon flash tube) and repetitive exposures. 
Numerous other diatomic molecules were obtained in absorption 
for low-pressure flames. The hydroxy1 radical was easily 
detected in flames of ethylene or acetylene with oxygen or 
nitrous oxide. In flames of organic fuels supported by 
oxides of nitrogen, both CN and NH absorption were detected. 
Only the piled-up Q-branch of NH at 3360 2 was observed, but 
for CN the absorption was very strong. Lower temperature 
flames, formed from rich mixtures of other organic fuels with 
oxygen showed absorption spectra of some polyatomic molecules 
in addition to weak OH absorption. Formaldehyde, CH^ , and 
weak continuous absorption (below 2200 %) were obtained using 
a low-pressure, rich, methyl ether flame whereas only CH^  
absorption bands appeared for acetone, acetaldehyde, and 
methane flames. Ethyl ether and ethane flames produced weak, 
possible C^ Hg absorption as well as a few faint bands attri­
buted to benzene. The primary reaction zone of a low-pressure 
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o%yacetylene flame was also studied by Bleekrode and 
Nieuwpoort (44) using a White multiple-reflection system but 
with a phase-sensitive photoelectric detector-readout system 
rather than the more conventional photographic readout. 
Their spectra were more fully developed than those reported 
by Gaydon, et al. (42). Much of the rotational structure of 
the Swan bands and weak absorption in the 4315 S and 
390 0 S bands of CH were obtained. The phase-sensitive 
detection system blocked the flame emission and thus 
facilitated the use of a lower-brightness temperature back­
ground source (a high-pressure mercury arc lamp). 
Fuel-rich hydrocarbon flames, especially the high tem­
perature, fast-burning mixtures, show pronounced emission 
from carbon-containing species in the interconal zone. This 
region, called the acetylene "feather" by Gaydon (38, p. 120)^  
is of particular interest to the analytical spectroscopist 
because it brings out the atomic spectra of most so-called 
refractory metals (45-50). Fiorino, et al., using this zone 
for atomic absorption studies, obtained the absorption 
spectrum of the C2 molecule, apparently for the first time, 
in a fuel-rich oxyacetylene flame burning at atmospheric 
pressure (51, 52). The absorption spectra of other simple 
molecules were also observed using the long-path, narrow, 
slot burner. A single traversal of the interconal zone of a 
rather fuel-rich oi^ acetylene flame was sufficient to observe 
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the well developed Swan bands, the CN violet system as 
well as OH absorption. Photoelectric detection and recorder 
readout were used in conjunction with ac modulation and 
amplification of the primary source signal. A more detailed 
account of the molecular absorption spectra of flames will 
be presented later in this thesis. 
Jessen and Gaydon (53), in a recent study, were able to 
detect strong absorption spectra of the most prominent hydro­
carbon flame emitters. They examined fuel-rich, atmospheric-
pressure, osyacetylene flames burning at two small (0.3 cm x 
0.075 cm) slot burners. As usual, for such a short absorbing 
path, a multiple-reflection mirror system was necessary to 
obtain detectible absorption. However, their multiple-
reflection system was much superior to previously used 
in that the source image was focused into the flame rather 
than on the mirror surfaces. Hence, defocusing by refractive 
index gradients was minimized and comparatively good spatial 
resolution was obtained. Maximum utilization of the system 
was obtained by placing a flame at each of the two image 
points. Absorption spectra were recorded against the back­
ground continuum radiation of a flashtube. An interesting 
aspect of their report was the fact that they observed Cg 
absorption both through the tip of the primary reaction zone 
and through the interconal zone. The C2 absorption was 
strongest in the primary reaction zone with o:ggen-to-fue 1 
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ratios between 1.2:1 and 1.6:1 (the ratio for a flame 
stoichiometric to CO^  and H^ O is 2.5:1). These are approxi­
mately the same conditions as normally employed for the deter­
mination of refractory elements by atomic absorption. The CH 
absorption was confined to the primary reaction zone of 
slightly leaner flames. was also detected for the first 
time in flames (by an absorption method). The absorption was 
weak and was detected just above the tip of the primary re­
action zone in flames of the same degree of fuel-richness as 
for the detection of C2 absorption. 
Allen studied the transmission of various air supported 
flames in the wave length region below 2000 2 (8). These were 
open, unshielded flames in which the composition of the burnt 
gases was modified by air entrainment. The flames examined 
were formed from fuel-rich mixtures of air-acetylene, air-
liquid petroleum gas and air-hydrogen. With the exception of 
air-acetylene, all of these flames were opaque at the 1849 S 
Hg line. Only 6% of the incident radiation was transmitted 
by the acetylene flame. Allen stressed the difficulty of 
performing atomic absorption analysis at low wavelengths 
using these ordinary flames. At wavelengths less than 2000 S 
the spectrometer was flushed with dry N2 to eliminate absorp­
tion by ambient water vapor and O^ . Hollow cathode lamps 
were used as radiation sources. Any discrete band structure 
would tend to be obscured since the absorption measurements 
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were made at isolated wavelengths. In an earlier paper, 
Allen (7) reported that the transmittance of many flames at 
wavelengths less than 2800 S was reduced when aerosols of 
certain organic liquids were included in the combustible mix­
ture. (The organic liquids—hexane, n-heptane, petroleum 
ether and di-isopropyl ether— were used as solvents in 
trace analysis by atomic absorption spectrometry.) For fuel-
rich air-acetylene flames containing these organic aerosols, 
a visibly clear zone, one to two centimeters in height, 
appeared immediately above the primary reaction zone. Except 
for n-heptane, which did not absorb, the absorption spectrum 
of this clear zone was continuous from 2700 or 2800 S and in­
creased in strength toward shorter wavelengths. At 2150 S, 
the transmission had fallen to 1-10% for the organic aerosol 
laden flames. These flames, Allen suggested, would be of 
very limited analytical use. 
S. D. Rains (6) also discussed what he termed "band ab­
sorption" by flames below 2800 S. He examined laminar flames 
of premixed air-propane, air-acetylene and air-hydrogen. He 
concluded that: (a) the transmission of the flames varied as 
a function of the oxidant-to-fuel ratio, (b) the transmission 
was also a function of height in the flame, (c) the order of 
transmission was H2>C2H2>C2Hg and (d) for hydrocarbon flames, 
the transmission first increased then decreased as the flames 
were made increasingly fuel-rich. Unfortunately, he gave no 
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explicit indication of the degree of fuel-richness for any 
of the flames studied. 
Menis and T. C. Rains (9) examined the background ab­
sorption by a number of flames using total-consumption 
surface-mixed and premixed gas burners in the neighborhood 
of the 1937 2 As line. These authors stressed that one of 
the main difficulties in atomic absorption analysis of As was 
the high absorption losses due to air and flame gases. Pre­
mixed air-acetylene, air-hydrogen and argon-hydrogen-en­
trained air flames absorbed 96%, 89%, and 46% of the incident 
1937 S As resonance line, respectively. For surface-mixed 
flames of oxyhydrogen, air-hydrogen and argon-hydrogen-
entrained air (total-consumption burners), the absorptions 
at the As line were 80%, 49% and 38%, respectively. Multi­
pass mirror optics (3X) were used to increase the short 
optical paths afforded by these flames. It was necessary to 
employ the argon-hydrogen-entrained air diffusion flame to 
minimize the flame absorption light loss at the As line. 
Menis and Rains suggested that CH and C2 radicals caused the 
strong background absorption observed with hydrocarbon 
flames. 
Robinson has discussed absorption of spectral energy by 
the oxyhydrogen flame alone and by the same flames containing 
a liquid organic aerosol (4, pp. 77-82). The pure flame 
showed strong absorption in the regions 3200 to 3060 % and 
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2860 to 2800 S which was tentatively attributed to the OH 
radical. These absorption regions appeared somewhat dif­
ferent and more extensive in the flame containing organic 
aerosol. Robinson claimed that absorption by the flame 
gases constituted an interference which would result in an 
error in atomic absorption spectrometry if uncorrected. No 
other reports of interferences by flame background absorp­
tion, or for that matter, absorption by flame species, in 
the practice of atomic absorption spectroscopy have come to 
light. 
Non-flame techniques 
Two (special) non-flame techniques which have been very 
useful in studies of labile molecules are flash photolysis 
and shock wave heating and excitation. The principal com­
ponents of a flash photolysis system are typically a long 
reaction vessel with an equally long photolysis flash tube 
parallel and in very close proximity to it, and a bright 
background continuum source for absorption spectroscopic 
examination of the photolyzed gas. Another flash lamp 
usually serves as the background source. Active species are 
produced directly through the absorption of quanta by one or 
more of the gaseous reactants or indirectly by the use of an 
absorbing sensitizer such as nitrogen dioxide. These species 
are produced, often in. very high concentration, through the 
entire length of the photolysis tube. Callomon and Ramsay 
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observed strong absorption spectra of the Swan bands, 
Phillips bands and Deslandres-D'Azambuja bands in addition tc 
the Cg 4050 2, Comet-Head group and the 3143 & band system of 
CH. Their absorption spectra were recorded photographically 
after the photolytic decomposition of diacetylene (54). 
Nelson and Ramsay replaced the photolysis flash tube with two 
aluminum electrodes enclosed in the reaction vessel (55). 
The discharge of a 10 pF condenser charged to 5-10 KV pro­
duced a wide variety of free radicals which were identified 
via their absorption spectra. Ramsay (56) reviewed the prog­
ress made in the study of unusual molecules most of which 
were produced by flash photolysis or flash pyrolysis. These 
species were all small polyatomics many of which may be 
present in flames. Some of the more important "flame-type" 
species whose absorption spectra were studied extensively 
are CH^ , CHg, HCO and NH^ . 
The photolysis flash has been used to initiate explosive 
reactions in combustion mixtures. Absorbing paths of up to 
one meter are possible which enhances the power of the 
technique many-fold compared with flame methods. Since the 
entire vessel is filled simultaneously with "reaction zone", 
the advantages afforded for kinetic and mechanistic studies 
by absorption spectroscopy are very evident. The pioneering 
work of Porter (57) and Norrish, et al. (58-60) is excep­
tional in the ease with which free radical absorption spectra 
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were obtained, many for the first time in combustion proc­
esses. The rate of change of OH concentration with time in 
oxyhydrogen explosions initiated by flash photolysis was 
followed by absorption spectroscopy (58). The absorption 
spectrum of virtually every diatomic molecule which is known 
to emit in oxyacetylene flames was observed during the course 
of the explosive oxidation of various mixtures of oxygen and 
acetylene (59). A small amount of NO2 was added as a sen­
sitizer for the flash initiated explosion. The character of 
the absorption spectra was very dependent on the relative 
proportions of the reactants. Very strong OH absorption and 
some CN absorption was obtained for oxygen-rich mixtures. 
With acetylene-rich mixtures, OH was observed weakly but Cg 
and CN appeared very strongly. Under these conditions CH 
was also observed as was the C^  radical at 4050 8. The 
absorption bands of NO were also observed including bands 
originating from high vibrational levels. NH absorption only 
appeared for nearly equimolar mixtures. Fuel-rich mixtures 
also showed regions of continuous absorption. One continuum 
appeared in the region of the C^  head and is undoubtedly the 
unresolved vibrational-rotational structure of the Comet-Head 
bctnds of that triatomic molecule. A second continuum ap­
peared to be associated with the formation and deposition of 
solid carbon. The absorption began at 3000 S and increased 
-4 toward shorter wavelengths approximately as X 
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In spite of the potency of flash photolysis to produce 
many heretofore elusive flame radicals in abundance under 
favorable conditions for spectroscopic analysis, extrapola­
tion of the results to free-burning stationary flames is not 
straightforward. Unusually high temperatures are produced 
through the combined effects of (a) absorption of a great 
many light quanta from the photolysis flash, (b) combustion 
at constant volume and (c) heating by the shock waves pro­
duced by the flash photolysis-initiated explosion. The extra 
high temperatures may alter the course of the reactions. 
Moreover, the high concentration of radicals and excited 
species produced by the flash could lead to final concentra­
tions of other radicals different from those in an open 
flame. There is also no guarantee that the sensitizer is 
passive after the reaction is initiated. Shock tube studies 
offer the possibility of circumventing many of the com­
plexities associated with the presence of a sensitizer and 
unusual photo-induced, excited-state population distributions. 
The rapid, adiabatic compression of a gas caused by an in­
tense shock wave propagating through it in a closed cylindri­
cal vessel leads to an immediate rise in temperature. The 
shock wave is commonly produced by rupturing a thin 
diaphragm between a high-pressure "driver" gas, usually one 
of the noble gases, and the diluted, lower pressure gas(es) 
under study. Temperature control of the system is 
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accomplished by judicious selection of the driver gas and the 
experimental gas (or frequently, the diluent gas) and the 
pressure ratio across the diaphragm. Various combustible gas 
mixtures can be studied by this technique. The flame or 
detonation is initiated by the shock wave. One disadvantage 
of shock tube studies is that the vessel cannot fill with 
"reaction zone" simultaneously over its length. The shock 
tube is fitted with side windows for absorption and emission 
spectral studies. A very important advantage of the shock 
tube technique is that the energy of the shock wave is trans­
ferred to the experimental gas as translational energy. 
This technique has proved quite valuable in the study of 
flame reaction kinetics over a wide range of temperatures and 
compositions. 
Experimental Facilities and Techniques 
The optimum geometry for absorption studies is a long 
(in the direction of the optical axis), relatively wide flame 
which can accommodate the cone of acceptance defined by the 
monochromator. No commercial slot burners capable of safely 
supporting very high burning velocity flames are currently 
being manufactured. Hence, a suitable burner was designed 
and fabricated for this purpose (50, 51). 
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Burner design principles 
Of necessity, the design of a burner is determined by 
the burning characteristics of the combustible mixture (s) 
that will be used. The "nature" of this mixture is quantita­
tively described by three fundamental physical parameters 
(61, p. 25; 62; pp. 4-7, 115; 63; 64; 65, pp. 196-206, 230-
242) . The most obvious of these is the burning velocity of 
the mixture. Burning velocity is a manifestation of the 
reaction rate, i.e., the rate of propagation of the combustion 
wave at a given temperature, pressure, and composition. For 
mixtures with high burning velocities, the demands on burner 
design are generally very stringent. 
Before the remaining parameters are described, it is 
appropriate to present a highly simplified overview of flame 
stabilization at a burner port for the case of laminar flow. 
A premixed gas flame will exist in a steady state only if the 
flow velocity of the main stream of •unbumed gas is signifi­
cantly greater than the normal burning velocity. Hence, an 
attached flame will be oriented obliquely to the direction 
of gas flow. The flame will be anchored at a point above 
the burner rim where "the local flow velocity vector and the 
local flame velocity vector are equal in magnitude, coinci­
dent in direction, and of opposite sign" (65, p. 249). This 
point of balance lies near the burner walls where friction 
has reduced the stream velocity. It is in this region that 
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attention should be focused to best perceive the concepts of 
flame stability. The important features of flame stability 
are illustrated by consideration of the flow range near flash­
back. The velocity profile of gaseous flow through a channel 
is a reasonably linear function of the total gas flow in the 
region near the channel walls (62, p. 4). The burning 
velocity, as illustrated in Figure 1, is zero within a 
limited space near the burner walls and beyond this space 
increases rapidly to almost its standard value. For the 
stream velocity profile represented by the curve a, the burn­
ing velocity at some distance from the burner wall exceeds 
the gas velocity and the flame will certainly flashback into 
the channel. Stream velocity profile b represents a meta-
stable state in which the slightest decrease in the gas 
velocity will cause the flame to propagate into the burner. 
A small increase in gas velocity would cause the flame front 
to move out of the burner mouth. If the total gas velocity 
is further increased so that curve c describes the velocity 
profile near the stream boundary, the flame front will be 
anchored above the burner port and a stable flame ensues. 
It is also apparent from Figure 1 that the stream veloc­
ity profiles for the different total gas flows tend to zero 
as the burner wall is approached. Were it not for inter­
actions between the walls of the burner and the propagating 
flame front, the explosive mixture would always strike back 
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Figure 1. Representation of burning velocity and stream 
velocity near flashback 
(a) Stream velocii^  slightly less than flashback 
limit 
(b) Stream velocity equal to flashback limit 
(c) Stream velocity just exceeding flashback 
limit 
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in this region where the gas is virtually stagnant. Burner 
rims and walls are, in essence, heat sinks as well as ab­
sorbers of chain carriers (36, pp. 17-20; 64, pp. 213-230) 
and thus serve to gradually attenuate the flame temperature 
and burning velocity. Figure 1 also displays this feature. 
•The quenching distance at flashback, which is the region 
delineated as d^ , is defined as the penetration depth of the 
chilling effect of the wall on the flame whose base is 
coplanar with the wall. This distance is the second funda­
mental physical parameter of the three referred to pre­
viously (62, pp. 4, 116). 
The ratio of these two parameters, burning velocity and 
quenching distance at flashback, define a third parameter of 
the combustible mixture, the critical boundary velocity 
gradient (62, pp. 4, 116; 64). A steep critical boundary 
velocity gradient, as is characteristic of near-stoichio­
metric oxyacetylene, and oxyhydrogen mixtures, necessitates 
a burner which can provide a high balancing boundary velocity 
gradient at the requisite gas stream velocity. To achieve 
the high stream velocity, the flow character should not be 
turbulent since this pattern produces velocity components 
normal to the average direction of flow (36, p. 15). If, on 
the other hand, the character of flow is purely laminar, the 
direction of all volume elements is parallel (36, pp. 15-17). 
Thus for the same average gas flow, greatest utilization of 
30 
t±ie velocity occurs under conditions of laminar flow. 
A nozzle configuration satisfies the requirement for a 
steep boundary velocity gradient. In nozzle flow, the 
boundary velocity gradient of an unignited stream is much 
larger than in tube flow for the same port diameter and 
average gas flow (64, p. 277). Fluid flow through a nozzle 
is also characterized by a uniform velocity profile except at 
the stream boundary (61, p. 103; 64, p. 273). Uniform 
velocity profile and high boundary velocity gradient, the 
nozzle effect, is produced if the inlet-to-outlet area con­
traction of the burner head is greater than 4 to 1 (61, p. 
104). Further, laminar flow is possible at quite high stream 
velocities, even up to Reynolds numbers of 40,000, if a 
nozzle is employed (36, p. 16). 
The design of the burner incorporates provisions for 
water cooling and for an adjustable slot width (51, 52). 
Hence, a wide range of combustible gases can be employed 
using the same burner head merely by increasing the slot 
width for slow burning mixtures (e.g., air-propane, air-
acetylene) or by decreasing the slot width to accommodate 
fast burning gas mixtures such as oxyacetylene, oxyhydrogen 
and nitrous oxide-acetylene. 
Burner construction 
The essential features of the burner and racking assem­
bly are shown in Figure 2. A variable pneumatic nebulizer. 
Figure 2. Cutaway view of long-path slot-burner 
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the fuel and auxiliary oxidant inlet ports, and a first 
stage prefixing chamber are housed in the end-cap assembly. 
A tubular, aerosol condensate drainage port is located at 
the lowest point in the chamber. The nebulizer (Varian 
Techtron, 2700 Mitchell Dr., Walnut Creek, California) pro­
duces an aerosol with a drop size distribution ranging down 
to a few microns diameter. Most of the oxidant passes 
through the nebulizer; the remainder (auxiliary oxidant) 
mixes with the fuel in the first stage premixing chamber. 
The aerosol and combustion gases expand into a conical spray 
chamber which also serves as a second stage for intimately 
mixing the aerosol, fuel and oxidant. The spray-premixing 
chamber also contains a Kel-F, inpact bead, flow spoiler and 
an 0-ring sealed blow-out plug. Thus, the spray chamber and 
flow spoiler serve to remove larger aerosol droplets, to 
smooth out pressure and density fluctuations of the aerosol 
and combustion mixture, and to bring the mixture to a uniform 
temperature (66, p. 107). 
The burner head, a nozzle having an inlet-to-outlet 
area contraction of 5 8 to 1, consists of four machined and 
surface-ground stainless steel plates. The smooth inside 
surface serves the two-fold purpose of minimizing turbulence 
along the walls and of achieving a gas-tight mating of the 
face and end plates. Oversized holes are employed in the 
end plates to provide an adjustable burner slot width. 
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The slot length is 7.62 cm. The height of the nozzle itself 
is 7.62 cm. The desired gas velocity profile is achieved by 
terminating the inside taper of the nozzle 0.265 cm ahead of 
the burner slot. To insure adequate entrainment of secondary 
air, the outer surfaces of the face plates are tapered 
toward the burner port. Rapid build-up of carbon and salt 
deposition are thereby minimized. Two ducts for water-cool­
ing the burner head are incorporated near the slot on both 
face plates. The purpose of these ducts is to increase the 
effectiveness of the quenching action at the burner slot (67) 
for the oxyacetylene flame. 
Placement of the burner relative to the spectrometer 
optical axis is effected by a compound slide assembly 
mounted on a shortened optical bench rider. An aluminum 
bodied screw-motion dove-tail slider and ways is used for 
adjusting the burner height (UniSlide screw-motion assembly, 
model number A2506C, 6 x 2^  inch body, 2h inch screw motion, 
Velmex, Inc., Hoicomb. New York). The vertical slide 
assembly is mounted at right angles to an aluminum adaptor 
plate which serves as a horizontal slider for the burner. 
The adaptor plate can be bolted into position on the optical 
bench rider. 
Gas supply and metering system 
An adequate gas supply and accurate flow measurement 
and control insures stable and reproducible operation of 
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the flames. Figure 3 is a diagram of the system. A single 
tank of oxygen (size lA) or nitrous oxide (size 1) is suffi­
cient to supply the burner for long periods of time. How-' 
ever, a three-tank manifold system for acetylene is recom­
mended (105 cu. ft./tank). This system will prevent too 
rapid a discharge of acetylene and the concomitant carry­
over of the acetone solvent. Hydrogen is supplied from single 
tanks (size lA) although the rate of consumption is high 
enough to warrant use of a multiple-tank manifold system. 
Two-stage regulators are used on the oxidant tank and on the 
fuel tank manifold. A portable flow-metering system was 
designed to accurately monitor the flow rates of the 
individual gases at a preset pressure. For the fuel, the 
metering system consists of a single-stage, large diaphragm 
station regulator, low-taper needle valve. Bourdon-type 
pressure gauge between the regulator and needle valve, and a 
high accuracy rotameter (Brooks Instrument Co., model 
FV 1110). For the oxidant the arrangement of components is 
slightly different since the gas stream is split to give a 
fixed flow (at a constant preset pressure) to an auxiliary 
port and a continuously adjustable flow through the nebulizer 
port. The order of components from the furthest point up­
stream is (1) a pressure regulator, (2) a rotameter, (3) a 
pressure gauge, (4) a low-taper control needle valve, and 
(5) a Y-branch to nebulizer and auxiliary ports (the 
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Figure 3. Gas supply and flow metering system 
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auxiliary port contains an in-line fixed orifice). 
Burner operation 
A good, stiff flame for analytical work is generally 
operated at flow rates of the order of 3 to 10 times the gas 
burning velocity (68, p. 17) . It was not possible to achieve 
this condition for the fast burning gas mixtures used in this 
study. In general, the gas flows ranged from approximately 
Ih to 10 times their respective burning velocities. 
The premixed oxyacetylene flame is established (or ex­
tinguished) on the burner in much the same manner as that on 
a welding torch. An acetylene diffusion flame is first 
secured at the necessary flow (12-15 1/min) . Then oxygen is 
slowly introduced into the spray-premixing chamber until the 
desired oxidant-to-fuel ratio is attained (0.8 to 1.5). The 
flame is extinguished by first terminating the oxygen flow. 
A violent flashback may occur if the acetylene flow is 
stopped before the oxygen. (This is one of the mixtures for 
which the total flow is only about 2h to 3 times the burning 
velocity.) The burner is operated with water-cooling for 
oxyacetylene flames. Although the cooling may increase salt 
deposition at the slot, the lowered burner temperature 
markedly reduces the chance of a flashback. 
The o^ Qfacetylene flame displays an interconal zone if 
the mixture is sufficiently fuel-rich. The primary reaction 
zone is approximately 2 mm tall. It is slightly wider than 
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the burner slot (0.025 an) at its base. The interconal zone 
may be as tall as 3 cm at the appropriate oxidant-to-fuel 
ratios and total gas flows. Oxygen flows of 11.5-18 1/min 
and solution aspiration rates of 3-5 ml/min are used. 
Figure 4 is a representation of the zones characteristic 
of hydrocarbon flames. 
The nitrous oxide-acetylene flame is similar in 
appearance to its oj^ gen supported counterpart except that 
the interconal zone of the fuel-rich flame is bright reddish-
pink in color rather than bright gray-white. The same slot 
dimensions, 7.62 cm x 0.025 cm, have been employed for both 
oxyacetylene and nitrous oxide-acetylene flames although 
occassionally a wider slot, 0.038 cm, has also been used for 
the latter mixture. To initiate this flame, the requisite 
acetylene and nitrous oxide flows can be established prior 
to ignition or the flame can be initiated in the same manner 
as oxyacetylene. The nitrous oxide flow ranges from 9.5 to 
15.3 1/min and the acetylene flow from 4.5 to 8.4 1/min. 
Good flame stiffness and sample nebulization is obtained at 
a nitrous oxide flow rate of 11.2 1/min and 6.6 1/min 
acetylene. The resultant oxidant-to-fuel ratio of 1.7 is 
satisfactory for many of the elements. The flame may be ex­
tinguished by first turning off either the acetylene or the 
nitrous oxide. The latter method is generally considered 
the safer of the two procedures. 
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Oxyhydrogen mixtures, like oxyacetylene, have rather 
high burning velocities and small quenching distances. 
Hence, a narrow slot should be employed. In fact, the slot 
dimensions for oxyhydrogen and oxyacetylene mixtures are 
identical. Higher volume flow rates are necessary for the 
hydrogen flame, however. These are 13.0 to 17.8 1/min oxYgen 
and 18 to 39 1/min of hydrogen. The flame can be initiated 
and extinguished in the same manner as the nitrous oxide-
acetylene flame. 
The remaining flames all have moderate burning veloci­
ties and are easily maintained on relatively wide slot 
burners, 7.62 cm x 0.051 cm. A 0.038 cm slot width is 
generally used for nitrous oxide-acetylene mixtures. 
Ins trumentati on 
The selection of experimental facilities is determined 
in large measure by the type of spectra to be studied and 
the use to which the data will be put. From the prior dis­
cussion it should be evident that the molecular spectra ob­
tained from ordinary flames are generally due to simple 
diatomic and triatomic species. Most low molecular weight 
diatomic molecules possess bands showing open, discrete 
rotational structure. High resolution instruments are 
required to observe a single line of the rotational fine 
structure of such a molecule. To accurately record these 
rotational lines, the resolution must be on the order of 
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one-fifth the half-width of the line(s). Molecules such as 
OH, C2, CN, and 0^  fall into this category. Heavier molecules 
usually possess bands with rotational lines so close together 
as to be unresolvable, especially near the band head.(s) . In 
these cases the spacing between rotational lines is less than, 
or of the order of, the line half-widths. And hence, the 
band components cannot be resolved no matter how high the 
resolution of the spectrometer. Some molecules show continu­
ous absorption or very diffuse bands. The absorbing species 
which produce the latter spectral type are, in general, very 
difficult to identify with much certainty. Low resolution 
instruments are especially suited for obtaining this type of 
absorption spectra. 
One of the objects of this investigation was limited to a 
cataloguing of the molecular absorption spectra of a number of 
flames. The data were not used to measure the various popula­
tion temperatures nor was it desired to elucidate any of the 
molecular constants. Hence, very high resolution was unneces­
sary. Instead, an instrument capable of good survey work was 
employed. A Jarre 11-Ash model 78-462, 1.0-meter Czemy-Tumer 
scanning monochromator provided adequate resolution for the 
investigations undertaken in this thesis. The characteris­
tics of this instrument are presented in Table 1. The wave­
length scan speeds employed for recording the molecular 
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Table 1. Characteristics of the Jarrell-Ash Model 78-462 
Czemy-Tumer scanning spectrometer 
Feature Specifications 
Optical arrangement 
Mirrors 
Collimator 
Camera 
1.0 meter Czemy-Turner grating mount 
arranged as described by Czerny-Turnei 
(69). Effective aperature ratio 
f/8.7 
Replica, concave, 1.0 meter focal 
length. 
152.4 cm diameter, slabbed 
203.2 cm diameter 
Gratings Replica, plane reflection, 102 mm x 
102 mm ruled area on a 113 mm x 105 mm 
blank. 
1180 grooves/mm, blazed for 2500 A 
1180 grooves/mm, blazed for 5000 S 
590 grooves/mm, blazed for 7500 A 
Reciprocal linear 
dispersion at exit 
slit 
1180 grooves/mm 
590 grooves/mm 
Slits 
Scanning system 
8-2 2/mm in first order 
16.4 A/mm in first order 
Dual unilateral entrance and exit 
slit assembly with straight jaws. 
0 to 400 y slit opening 
12-speed electrical sine bar scan­
ning drive with manual overdrive 
having a screw accuracy of 1 u and 
speeds of 0.5, 1.25, 2.5, 5.0, 12.5, 
25, 50, 125, 250, 500, 1250, 2500 A/ 
min with direct linear wavelength 
drive 
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absorption spectra were 2.5, 5 and 10 2 per minute. The 
absorption features were not compromised by amplifier or 
recorder response at these very slow rates of scan. A chart 
speed of 1 in/min was consistently employed throughout the 
study. 
The arrangement of the external optical systôn was very 
simple and identical to that frequently employed for atomic 
absorption as well as molecular absorption spectroscopy. 
Figure 5 is a block diagram of the arrangement of components 
used for the atomic and molecular absorption studies. Two 
plano-convex fused silica lenses were used: the first imaged 
the primary light source above the center of the slot burner 
and the second focused this image on the spectrometer en­
trance slit. One-to-one magnification was maintained at all 
wavelengths by adjustment of the positions of each external 
element to the corresponding wavelength region. Each lens 
mount, was equipped with an iris diaphragm to facilitate 
selection of any desired lens aperture. The specifications 
of the lenses were; 5 cm diameter, planoconvex, fused 
silica with focal lengths of 10.8 cm and 16.0 cm, respec­
tively measured at the Hg 5460 & line. 
A number of primary sources can be employed to encom­
pass the entire optical region. The desirable properties 
of light sources for use as background primary radiators are 
long life, wide spectral range, stability, high intensity. 
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Figure 5. Block diagram of atomic and molecular absorption system 
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and continuous emission. The hydrogen continuum^  which is 
considerably less intense than the xenon-arc, is a very use­
ful source of radiation from about 1675 S to approximately 
4000 S. Its main advantage is its reproducibility and 
stability. A sealed deuterium lamp, which has a similar con­
tinuum but is more intense than the hydrogen arc at the 
shorter wavelengths, was used exclusively to record the 
absorption spectra presented in this thesis in the wavelength 
region below 3000 £. A quartz envelope, iodine and argon 
filled, coiled tungsten filament lamp was used for the 
visible (4000-7000 2) and near-infrared (7000-8150 S) re­
gions. This lamp could be operated at a high filament tem­
perature (about 3000°K) for long periods of time without 
evaporation of the filament. 
Two photomultiplier tubes with overlapping wavelength 
sensitivity were used to span the 1925 to 8150 S region. An 
S-13 (CsSbO) type photocathode was employed from 1925 to 
5650 &. The fused-silica window material transmitted down 
to about 1700 &. An S-20, tri-alkali (NaKCs), type photo-
cathode provided good spectral response in the red and was 
used from 5600 to about 8200 %, The typical characteristics 
of the two detectors employed are listed in Table 2. 
The primary radiation was modulated at a frequency of 
108 Hz by a mechanical light chopper situated between the 
source and the second lens. A reference signal of the same 
Table 2. Description of photoraultipliers 
Feature EMI 6256B EMI 9558B 
Cathode diameter (mm) 
Number of dynodes 
Dynode type 
Anode dark current 
at 23 C and (Amps) 
Typical equivalent noise 
input (watts) 
Cathode type 
Spectral response type 
Wavelength of maximum 
quantum efficiency (8) 
Useful sensitivity range (%) 
Cathode sensitivity (yA/L) 
Average overall sensitivity 
(A/L) 
10 
13 
CsSb emitting surfaces 
(Venetian blind type) 
1.5 X 10"^  
(at 1940 volts) 
1.1 X 10 •16 
CsSbO on fused silica 
window 
S13 
4000 
1650-6500 
70 
2000 
(1940 volts) 
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11 
CsSb emitting surfaces 
(Venetian blind type) 
1.7 X 10"^  
(at 1500 volts) 
3.7 X 10 -16 
NaKSbCs on Pyrex 
window 
S20 
4000 
2900-8500 
130 
200 
(1500 volts) 
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frequency was generated internally by the light chopper for 
the tuned ac lock-in amplifier. In this way, the emission 
signal from the primary light source (now, a square wave 
pulsating dc signal) was differentiated from the flame 
emission signal (dc signal) . Only the pulsating dc signal 
from the primary source was amplified by the narrow band­
pass ac detection system. Consequently, the absorption 
spectra of even strongly emitting species were observed. A 
description of the electronic facilities will be found in 
Table 3. 
Results and Discussion 
There are many similarities in the emission spectra of 
hydrocarbon flames supported by the relatively common 
oxidants: air, oxygen and nitrous oxide. This is equally 
true regarding the spectra of hydrogen flames. The absorp­
tion spectra of these flames might be expected to correlate 
with their emission spectra to the extent that the bands in 
each case involve the ground electronic states of the 
molecules or very low lying states populated at flame 
temperatures. In general, the absorption spectra of even 
the hottest flames are simpler than their emission spectra. 
In this thesis, the emphasis was on the character of 
the absorption spectra of flames under conditions that 
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Table 3. Description of electronic facilities 
Feature Specification 
Detector power supply 
Amplifier 
Chopper 
Primary source power 
supplies 
tungsten filament 
laitp 
deuterium lamp 
Voltage regulator 
Recorder 
Model S-325-RM, New Jersey Electron­
ics Corporation (500-2500 V, 0-10 
mA) . 
Princeton Applied Research Corpora­
tion lock-in amplifier model HR-8 
tuned at 108 Hz. Scale expansion 
achieved through appropriate gain 
and zero-offset manipulation. 
Princeton Applied Research Corpora­
tion mechanical light chopper model 
BZ-1 or model 125; 108 Hz modula­
tion frequency. 
Continuously variable 0 to 6 amp dc 
(0 to 125 volt) with capacitor-
input filtering. 
Beckman Instruments, Inc. hydrogen 
lamp power supply, model 2965, pro­
vides an ac filament current and a 
stabilized dc arc current (0.3 amp). 
1 KVA Stabiline automatic voltage 
regulator, model 1E5101 Superior 
Electric Company (for detector 
power supply, lock-in amplifier, 
and recorder). 
Leeds and Northrup Speedomax G, 
model S millivolt recorder modified 
to provide a continuously adjust­
able range from 1 to 50mmi Hi volts 
and a response time of 1 second. 
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would normally be employed for atomic absorption spectroscopy. 
For the purpose of cataloging the molecular absorption 
spectra, the flame which provided the best spectrum of a 
given molecule was employed. The band systems and band head 
wavelengths of these molecules were identified with the aid 
of various standard references (6 8, 70, 71). Comparisons 
were then made of each molecule in the other flames in which 
its absorption was observed. The comparisons can be con­
veniently discussed by introducing the terms s toi chi ome try 
factor and mixture strength. The first is simply the oxidant-
to-fuel ratio and is denoted by the symbol p; the second is a 
ratio of the s toi chi ome try factors for the flame under con­
sideration to a standard mixture of the fuel and oxidant. 
The mixture strength will be denoted by the symbol A and 
defined as p/pg where describes the standard mixtures. 
The following equations define p^  for each stoichiometric 
flame. 
2E^ + Og ^  ZHgO P 0.5 s 
2H2 + Og + 4^ 2 2H^0 + 4N2 Ps = 2.5 
2^ •*" 2^° 2^° 2^ P 1 s 
V2 + # °2 " 2CO2 + "2° 
=2^ 2 + I O2 + ION2 * 2CO2 + H^ O 4. ION; P s 12.5 
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CHg + SN^O  ^  2CO2 + EgO + 5N2 Pg = 5.0 
Fuel-lean, stoichiometric and fuel-rich flames are recognized 
as A greater than, equal to, and less than unity, respec­
tively. 
Many of the absorption spectra were of weak to moderate 
strength. Scale expansion was necessary to adequately record 
these spectra. Because the emission intensity from a con­
tinuum source is a function of wavelength and the grating 
efficiency and photomultiplier quantum efficiency also in­
fluence the signal level, the detector output signal varied 
with wavelength. Frequent adjustment of the photomultiplier 
voltage was employed to maintain an approximately constant 
scale expansion. 
Observed absorption spectra - discrete molecular bands 
The oxygen molecule - Schumann-Runge system All 
flames burning in air are potential sources of O2 absorption 
from the limit of the accessible quartz region to approxi­
mately 2600 R for the hottest flames. The absorption spec­
trum given in Figure 6 was observed using a fuel-lean oxy-
hydrogen flame (A = 2). The incident radiation traversed 
the flame 5 mm above the burner top which corresponded to 
approximately 3.5 mm above the primary reaction zone. The 
focused image of the primary source was 2 mm tall at the 
spectrometer entrance slit. Molecular oxygen bands appeared 
superinçjosed on rather strong continuous absorption. 
2000 2020 2040 2060 2060 2100 2g0 2 mo 
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Figure 6. 0^  absorption spectrum, Schumann-Runge system (B^ E~ - ), observed 
in the fuel-lean flame of premxxecl oxyhydrogen  ^  ^
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Figure 6 (continued) 
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This continuum will be discussed later. Figure 6 shows the 
Schumann-Runge (S-R) bands from 1996.5 to 2507.5 2 divided into 
three sections. The (1/0) transition at 1997.5 S is indi­
cated in the figure. None of the bands originating from ex-
3 
cited vibrational levels of the ground state were 
identified, partly because the band heads with v > 1 become 
very indefinite and because the rotational lines of the bands 
overlap badly giving the appearance of very complex line 
structure. Very fuel-rich mixtures of all the flames studied, 
A = 0.4-0.5/ showed weak 0^  absorption lines extending to 
approximately 2200 R. In fact, these lines were essentially 
insignificant compared with the continuous background absorp­
tion- For stoichiometric and fuel-lean flames stronger ab­
sorption was observed which extended to 2400-2600 &. 
At room temperature, the S-R bands are observed in the 
wavelength region below 2000 2 and an associated dissociation 
continuum extends from 1759 to about 1300 R. If the oxygen is 
strongly heated, as is the case for flames, the population of 
excited vibrational and rotational levels in the ground elec­
tronic state, may become sufficient for the detection 
of longer wavelength transitions. The rotational structure 
of vibronic bands are very strongly shaded toward longer wave­
lengths because the equilibrium distance between the oxygen 
nuclei in the upper electronic state, is much larger 
than in the ground state. It is interesting to note that the 
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Schumann-Riixige bands observed in absorption at wavelengths 
below 2600 £ do not appear or are very weak in the emission 
spectra of any of the flames studied. In emission/ these 
bands are strongest in the 3000 to 4000 S region which is 
also a result of the large difference in equilibrium inter-
nuclear distance of the excited and ground electronic state, 
(38, p. 77) . 
The nitric oxide molecule - y system The spectrum 
of the NO radical from 2000 to 2500 R is shown in Figure 7. 
The fuel-lean flame of premixed nitrous oxide-hydrogen 
(A = 1.5) used to obtain the spectrum was traversed by the 
incident radiation through the tip of the primary reaction 
zone. Molecular oxygen S-R bands, from the thermal disso­
ciation of excess NO (35, pp. 718-728) and from air entrain-
ment, strongly overlap the NO bands in the 2000 to 2170 & 
region. However, the longer wavelength NO bands were 
easily distinguished from those of O2 in that the former 
consist of double double-headed bands which degrade to 
shorter wavelengths whereas the S-R system is degraded 
toward the red. The fuel-rich flame of acetylene supported 
by nitrous oxide showed no nitric oxide bands above the pri­
mary reaction zone although they appeared in fuel-lean 
flames. The NO bands appeared only in flames supported by 
nitrous oxide. 
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Figure 7, NO absorption spectrum, y system - X^ tt) , observed in the fuel-
lean flame of premixed nitrous oxide-hydrogen 
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The hydroxy! radical - 3064 R system The spectriim of 
OH was observed in all of the flames studied. Figure 8 was 
obtained using a fuel-rich (A = 0.535) air-acetylene flame. 
A 2 mm tall, 0.020 mm wide focused light beam was centered 
5 mm above the burner top (approximately 2.5 mm above the 
primary reaction zone). Figure 8 consists of three wavelength 
regions corresponding to the (2,0) transition from 2608.5 to 
2696 S., the (1,0) transition from 2811.3 to 2895 S, and the 
Av = 0 transitions (0,0) and (1,1) from 3063.5 to 3214 S. 
The R2, and heads are indicated for each vibronic 
transition. OH absorption was the most prominent feature of 
the spectra of the hydrogen flames. Both fuel-lean and fuel-
rich hydrogen flames absorbed very strongly at the 3064 2 
band head, e.g., 42% for a rich (A = 0.72) air-hydrogen 
flame, 53% for a lean (A = 1.35) nitrous oxide supported 
flame, and approximately 70% for near stoichiometric (A = 1.13) 
to lean (A = 1.5) oxyhydrogen flames. Acetylene flames, how­
ever, showed only moderate absorption for very rich flames 
(A < 0.4) and began to absorb strongly as the mixture strength 
approached 0.6. This latter value of A corresponds to a flame 
burning stoichiometrically to CO and H^ O, whereas the former 
represents combustion to CO and H2. For example, both N2O-
and O^ -supported flames absorbed between 9 to 14.5% at the 
30 64 £ band head for A = 0.35 to 0.4, but the absorption 
increased rapidly between A = 0.4 and 0.6 where the 
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Figure 8. OH absorption spectrum, 3064 X system (A^ E^  - X^ tt) , observed in the 
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absorption was 35% for air-acetylene at A = 0.53 and 42% for 
nitrous oxide-acetylene at A = 0.60. 
The NH molecule - 3360 £ system The spectrum shown 
in Figure 9 was observed in the fuel-rich (A = 0.45) flame of 
premixed nitrous oxide-hydrogen. NH absorption was obtained 
just above the tip of the primary reaction zone using a 
focused 2 by 0.025 mm beam of incident radiation. The piled-
up Q-branch of the (0,0) vibronic transition at 3360.0 £ was 
the predominant feature in the spectrum. The (1,1) Q-branch 
at 3170.9 S could not be identified positively in the absorp­
tion spectrum of the nitrous oxide-hydrogen flame. This band 
is usually weak in the emission spectra of hydrogen and 
acetylene flames supported by nitrous oxide and in the emis­
sion spectra of oxyacetylene flames. Norrish, et al. (59) 
were not able to observe this branch in the absorption spec­
trum of NH under the most favorable of conditions : the flash 
photolysis initiated explosive oxidation of hydrocarbons. NH 
appeared in the preheating zone of fuel-rich nitrous oxide-
hydrogen (A = 0.50) where its absorption was 59%. The absorp­
tion decreased to 7.3 % at the tip of the primary reaction 
zone and to only 2.7% 1 mm above the zone. Somewhat less 
fuel-rich mixtures (A = 0.745) showed absorption only at the 
tip of the primary reaction zone of about 6%; while 
stoichiometric and lean flames showed no NH absorption 
through or above the primary reaction zone. Premixed nitrous 
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Figure 9. NH absorption spectrum, 3360 R system (A^ ÏÏ - X^ Z) , observed in the fuel-
rich flame of premixed nitrous oxide-hydrogen 
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oxide-acetylene flames exhibited little NH absorption in the 
primary reaction zone with the mixture strength sufficient to 
combust to CO and H^ O (A = 0.60) , but the absorption in­
creased with increasing fuel excess, e.g., 2.3% for A = .59, 
10.2% for A = 0.48 and 42.4% for A = 0.39. The NH concentra­
tion decreased rapidly with increasing height above the 
burner. At 5 mm above the burner top, only 4.5% attenuation 
was found for the rich flame (A = 0.39) and none for less 
rich flames (A = 0.48 or 0.59). 
The CN molecule Two systems can be observed for 
hydrocarbon flames supported by oxides of nitrogen. The 
Violet system - X^ Z"*") is shown in Figure 10 and the Red 
2 2 + 
system (A tt - X Z ) , much the weaker of the two, is shown in 
Figure 11. These spectra were observed in the interconal 
zone of a fuel-rich (A = .344) , premixed nitrous oxide-
acetylene flame. At 0.0 82 2, the spectral slit width used to 
record the Violet system was five times less than that used 
for the Red system. A relatively extensive spectral region 
was encompassed by the very strong Violet system and the 
weak Red system. In Figure 10, the absorption for the 
Av = +1 sequence extends from approximately 3510 S to the 
(1,0) band head at 3590.4 2.. The second segment of Figure 
10 is the Av = 0 sequence to v = 2. Essentially total ex­
tinction was recorded at the 3883.4 & (0,0) band head. The 
absorption for the Av = -1 sequence extended from 4134 £ to 
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Figure 11. CN absorption spectrum, Red system (A^ tt - , observed in the fuel-
rich flame of premixed nitrous oxide-acetylene 
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the (0,1) band head at 4216.0 £. All three major vibronic 
transitions (0,0), (1,0), and (0,1) absorbed strongly; 99%, 
34.6% and 19.1%, respectively. The CN absorption at 3883.4 
measured at 3 mm above the primary reaction zone, did not 
appear in the moderately rich flame (A = 0.6). There was no 
interconal zone visible at this mixture strength. However, 
CN absorption was obtained as soon as this zone appeared. 
The somewhat richer flame, A = 0.4, absorbed to the extent of 
48.8%. For the corresponding mixture strengths of oxyacety­
lene, no CN was observed at A = 0.6 and only 8.3% at A = 0.4. 
Air entrainment was the source of nitrogen in this flame. 
Fuel-rich air-acetylene flames also showed rather weak CN 
absorption at 3883.4 
Only the nitrous oxide-acetylene flame, of those studied, 
produced sufficient CN to allow observation of the Red 
system. The (3,0) and (2,0) heads of the v" = 0 progression 
are shown in Figure 11. The longer wavelength members of this 
progression, (1,0) and (0,0), were beyond the range of the 
S - 20 type photomultiplier tube. An extensive wavelength 
region was occupied by the Red system. The (3,0) band is 
presented from 6910 to 7253 & with the Rg and R^  branches 
indicated. Both Rg and R^  branches are identified also for 
the (2,0) vibronic transition which extends from 7852 to 
8152 R in Figure 13. 
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The molecule The absorption spectrum of the inter-
conal zone of a fuel-rich (A = 0.35), premixed oxyacetylene 
flame revealed the 4050 S Comet-Head group of C^ . Its very 
weak spectrum is shown in Figure 12. The flame was examined 
very close to the tip of the primary reaction zone using a 
2 mm slit height and a slit width corresponding to 0.082 
None of the rotational fine structure of the elec­
tronic transition could be resolved. This molecule was not 
observed in any of the other flames which were studied. 
The molecule - Swan system The Swan system 
3 3 (A Ilg - X n^ ) of the C2 molecule was observed under the same 
conditions as those employed for observation. Extensive 
absorption was obtained for the Av = 0 and ±1 bands. Weak 
absorption from 4355 to 4390 & was observed for the Av = 2 
sequence. Band heads at 4365.2 2 (4,2), 4371.4 & (3,1) and 
4382.5 2 (2,0) are indicated in Figure 13. Absorption at the 
(2,0) band head was only 1.2%. The Av = 1 sequence, with the 
(4,3) through (1,0) band heads identified, was recorded from 
4570 to 4740 2. At the 4737.1 S (1,0) band head, 11% absorp­
tion was measured. The first two heads of the Av = 0 
sequence can be seen in the fifth section of Figure 13. The 
rotational structure was recorded from 5000 S to the 
5165.2 % (0,0) band head. The measured absorption at the 
(0,0) head was 29.5% of the incident radiation. For the 
Av = -1 sequence, the region from 5400 to 5640 2 was recorded. 
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The (1/2) and (0,1) band heads were identified at 5585.5 and 
5635.5 R, respectively, with 5.6% absorption measured for the 
latter. 
An absorption spectrum of the Swan system was also 
obtained for the fuel-rich (A = 0.34) flame of premixed 
nitrous oxide-acetylene but not for the air-supported flame. 
For the former, the Av = 0 and Av = 1 sequences were observed 
slightly above the primary reaction zone. The measured ab­
sorption of 5.8% at the 5165.2 & (0,0) band head decreased to 
1.4% at 6 mm above the flame front. In spite of the relative 
feebleness of the absorption, the spectral range showing 
definite structure was extensive: 4970 to 5165.2 % for the 
Av = 0 sequence and 4680 to 4737.1 % for the Av = 1 sequence. 
Flame transmission - "background continuum" (2800-1925 
Observed spectra All the flames examined in this 
thesis attenuated the incident radiation to some extent in 
the middle ultraviolet (3000 to 2000 S) and became much less 
transparent at wavelengths between 2000 and 1925 S. Figures 
14 through 18 show the short wavelength attenuation from 2800 
to 1925 S for a number of premixed flames. The flames were 
operated at various mixture strengths. The hydrogen flames 
were stoichiometric and fuel-lean; the acetylene flames 
stoichiometric and fuel-rich. 
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Figure 17. Extinction of light by flames of premixed oxyacetylene as a function 
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The fuel-lean air-hydrogen flame, represented in Figure 
14, absorbed less over the wavelength region studied than the 
stoichiometric flame; but, both absorbed moderately compared 
with o:>Q^ hydrogen flames. For oj^ hydrogen, the order of 
attenuation strength was reversed although the difference 
between the curves was slight. The absorption by lean and 
stoichiometric flames, supported on a 2.54 cm slot burner, is 
shown in Figure 15 (curves b and c). Curve (a) is the absorp­
tion by the lean hydrogen flame burning at a 7.62 x 0.025 an 
slot. 
The three acetylene flames studied were supported by air 
(Figure 16), oxygen (Figure 17) and nitrous oxide (Figure 18). 
More absorption was found for the stoichiometric than the 
fuel-rich air-acetylene flame. While a stoichiometric oxy-
acetylene flame could not be maintained safely on the 7.62 cm 
slot burner, greater absorption was found for the less fuel-
rich of the two mixture strengths, A = 0.59 > A = 0.47. 
Results for both a 7.62 cm and a 2.54 cm slot burner are 
presented in Figure 17. Very complete studies were made on 
the nitrous oxide-acetylene flame because of its great 
utility in atomic absorption and emission spectroscopy. The 
order of absorption observed was; A = 1.00 > 0.60 > 0.304 > 
0.32 > 0.35 > 0.40. In general, for comparable mixture 
strengths, Og-CgHg absorbed more than N2O-C2H2 which absorbed 
more than air-CgHg. 
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A number of similarities among all the flame absorptions 
was observed. For example ^ the absorption increased veiy 
rapidly toward shorter wavelengths in the neighborhood of 2100 
or 2000 & regardless of flame composition. Some of the atten­
uation shown by the flames was obviously discrete molecular 
absorption by O2, OH, and possibly NO (Figures 6, 7, and 8). 
This is not evident in Figures 14-18 because the wavelengths 
used were chosen to avoid discrete band absorption spectra by 
slowly scanning the region using a narrow monochromator band­
pass. In contrast, flames of different combustion mixtures 
showed very different attenuations. The fuel-rich (A = 0.40) 
nitrous oxide-acetylene flame absorbed less than any other 
flame although the fuel-rich, air-hydrogen and oxyhydrogen 
flames were not studied. Rains (6) stated that fuel-rich, 
air-hydrogen flames absorbed less than fuel-rich, nitrous 
oxide-acetylene and that the attenuation for the hydrogen 
flame decreased only slightly with a three-fold change in the 
hydrogen flow rate, ziv. , from A ~ 0.1 (lean) to 0.05 (rich). 
Including his data with our results, the order of increasing 
absorption would be air-Hg < 0^ 0-02^ 2 < air-C2H2 < O2-C2H2 
< O2-E2 for the optimum mixture strength of each flame with 
respect to minimum attenuation. 
Examination of Figure 18 will disclose that at a given 
wavelength and burner height a minimum absorption was ob­
served as the N2O-C2H2 mixture strength increased from 
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A = 0.30 to 1.0. The minimum occurred at A = 0.40 (corre­
sponding to a flame burning to CO, and N^ ). Rains (6) 
observed similar behavior for air-CgHg flames. However, Rains 
also stated that the attenuation for a given flame increased 
with height in the flame. Our data indicate that this state­
ment must be qualified. Figures 19A and 19B show the atten­
uation by nitrous oxide-acetylene flames as a function of 
height above the burner top. For very rich flames, A = 0.30 
to 0.35, the absorption passed through a minimum. These 
minima shifted to greater height with decreasing A due to 
combustion with entrained air. Less fuel-rich flames, 
A = .40 to 0.60, increased in absorbance with height. The 
stoichiometric flame showed a moderate decrease with increas­
ing distance above the burner top. 
The many diverse results of the flame background absorp­
tion, reported in the literature of atomic absorption 
spectroscopy, were noted in the introduction and literature 
review of this thesis. The apparent lack of agreement con­
cerning the character (continuous versus discrete) and 
magnitude of light attenuation by the flame gases in the 
spectral region below about 2800 S clearly resulted from the 
examination, by different investigators, of flames of quite 
different compositions and mixture strengths. Our relatively 
detailed examinations of these flames under a wide range of 
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conditions resolve, in large measure, the apparent contra­
dictions in the aforementioned publications. 
Potential origins of the "background continuum" The 
majority of the attenuations for the flames investigated 
appeared continuous in character. For the most part, any 
explanation offered for the source(s) of this apparent con­
tinuum must be considered highly speculative because the pre­
cursors of spectral continua can seldom be identified un­
equivocally . However, scattering, which was suggested by 
Slavin (3, p. 73) and Ramifez-Munoz (5, pp. 104-107), can be 
eliminated as a probable cause of the light attenuations in 
all but very fuel-rich, incandescent hydrocarbon flames. 
Scattering by small, incandescent carbon particles should 
follow the familiar X  ^relationship. But, log-log plots of 
the absorption versus wavelength data for the nitrous oxide-
acetylene flames shown in Figure 18 yielded straight lines 
with slopes in the neighborhood of -10, not the -4 predicted 
for Rayleigh scattering. The mixture strength of these 
flames ranged from stoichiometric (A = 1.0) to very fuel-rich 
(A = 0.304). The similarity of the log-log plots suggests a 
common phenomenon, very likely absorption, but not necessarily 
a common precursor. The constituents of the secondary re­
action zone of acetylene flames burning with air, oxygen or 
nitrous oxide, are mainly COg, CO, HgO, and OH with 
generally minor amounts of CN, C2, (n > 3), NO, Og, 
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2^# 0, N, and H. Very rich flames contain a relatively 
low fraction of CO^ , HgO, Og# OH, H and 0 but may contain 
rather large amounts of CO, and solid carbon (C^ ) (72, 73) 
and some unreacted CgHg (74, pp. 503-512; 75, pp. 538-545). 
Fuel-lean flames contain a significant fraction of CO^ f CO, 
O^ , Ng, HgO, NO, and OH. For the rich flames, absorption at 
wavelengths less than 2600 to 2800 & by the carbon species, 
C^ , and residual acetylene could very possibly account for the 
continuous (or apparent continuum) background attenuation. 
The absorption spectrum of CO is discrete and unless strong 
pressure broadening affected the lines, this molecule is not 
a likely contributor to the "continuum". The absorption 
spectrum of CgHg shows a weak continuum below 2350 S with a 
relatively weak system of diffuse bands from 2500 to 2100 % 
and a complex spectrum of diffuse bands between 2000 and 
1550 & which gradually increase in intensity toward lower 
wavelengths (70, 76, p. 517). The carbon species, C^ , may 
also contribute to the attenuation. Unsaturated, mostly 
aliphatic, hydrocarbons containing more carbon atoms than 
the fuel are formed in the reaction zone of oxygen supported 
flames (74) and persist beyond the reaction zone. Near the 
limit of carbon formation, where the flame becomes luminous, 
higher hydrocarbons with conposition Cg^ H^  appear (74). 
There is no question that these species, when present in the 
flame gases, contribute strongly to the observed absorption. 
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Stoichiometric and, especially, lean flames contain vibra-
tionally excited oxygen molecules (Figure 6 showed the 
Schumann-Runge O2 bands originating from some of these 
vibrational levels). As stated previously, a strong photo-
dissociation continuum, which extends from 1759 to about 
1300 S, is associated with the Schumann-Runge system. Its 
maximum occurs at 1425 2. However, as the populations of the 
excited vibrational levels increase (with temperature and 
total concentration), transitions to the continuum level of 
the excited electronic state occur at longer wavelengths. 
In stoichiometric and fuel-lean flames of hydrocarbons and 
hydrogen, the photodissociation of 0^  may account for some of 
the observed "continuous" absorption. Unresolved or poorly 
resolved ©2 absorption lines may also appear continuous. 
This pseudo-continuum may account for further, long wave­
length, background absorption. 
Consequences of flame absorption spectra 
In the usual sense, a spectral interference is a wave­
length coincidence between an analyte and a non-analyte 
(atom, ion, or molecule), present in the saitçjle, which re­
sults in an inaccurate analysis. However, in the sense used 
here, spectral interference from flame background absorption 
obscures or obviates the analytical line. Except for total 
absorption of the line, flame background absorption, as a 
result of the inevitable fluctuations of the flame cell, may 
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only reduce the power of detection of an element. That is, 
the effect seriously deteriorates the absorption signal-to-
noise ratio which, in turn, determines the detection limit 
of an element. Thus, our objective was (a) to determine if 
the most sensitive line of any element has not been used 
analytically because of strong flame background absorption 
and (b) to test the effect of flame background absorption on 
the detectability of an element. 
Allen pointed out the difficulties of atomic absorption 
analysis in the region below 2000 £ (8). In the case of Hg, 
it is well known that the 2537 2 line must be used rather 
than the more sensitive 1849 S resonance line which suffers 
strong absorption by both air and flame gases. Se and As 
also have their strongest absorption lines below 2000 & — As 
at 1890, 1937, and 1972 2, Se at 1960 2. For As, the most 
sensitive line, 1890 2, has been abandoned in favor of the 
1937 and 1972 2 lines also because of strong flame gas and 
air absorption. In spite of background absorption, the 
1960 S Se line has been used rather than the less sensitive 
line at 2040 2. 
These interferences have been well documented for atomic 
lines in the region of continuous flame absorption and for 
some elements in the OH 3064 £ system. The wavelength coin­
cidences reported by Robinson (4, 77) are listed in Table 4. 
In view of the strong, extensive molecular band absorption 
Table 4. Molecular absorption interferences by the OH radical 
Atomic line Molecular line Sensitivity 
Element wavelength, a gf wavelength, A ug/ml/1% A 
Pb^  2833.06 0.22 2832.512 
2833.731 
0.5 (78) 
Cu 2824.37 0.37 2824.393 c 
Ft 2830,30 
3064,71 
0.28 
0.37 
2830.339 
3064.950 
7.4 
4.6 
(3, p. 
(3, p. 
Ta 3103.25 0.078 3103.267 b 
Sn 3175.05 0.49 3175.039 __b 
Bi 3067.72 0.99 3067.661 
3067.775 
2.1 (79) 
yRecommended line. 
No reported value, 
The lower energy level of this transition is at 11203 cm 
Table 5. Potential molecular absorption interferences by the OH radical 
Element 
Atomic line 
wavelength, 8 gf 
Molecular line 
wavelength, A 
Sensitivity 
yg/ml/1% A 
A1 3092.71^  0.79 3092.650 0.7 (80) 
3092.786 
3082.16 0.38 3082.065 1.0 (80) 
Hf 3072.88^  0. 45 3072.660 14 (80) 
Mo 3132.59^  1.4 3132.578 0.4 (80) 
3112.12 0.14 3112.181 11.2 (81) 
Ni 3050.82 0.71 3050.410 b •u* 
3051.393 
V 3066.38 3.2 3066.318 2.9 (82) 
Zn 3075.90 0.0018 3075.486 71.5 (3, p. 188) 
.Recommended analytical line. 
No reported value. 
Table 6. Possible molecular absorption interferences by the CN molecule 
Molecular line Sensitivity 
Element Wavelength, A gf wavelength, A yg/ml/1% A 
Fe 3859.91 0.31 3859.957 1.19 (3, 
3719.94 0.52 3719.88 0.67 (3, 
Mo 3864.11 0.77 3864.123 1.7 (81) 
3798.25 0.94 3798 .225 1. 3 
Gd 3783.05 3.9 3782.998 18 (83) 
3717.48 2.6 3717.54 21 (83) 
Er 3862.82 - 3862.768 2.3 (83) 
Ti 3753.64 0.14 3753.624 — ( 8 2 )  
3752.86 1.3 3752.929 2.5 (82) 
V 3855.84 0.98 3855.883 6.2 (82) 
3855.37 0.34 3855.347 
Nb 3791.21 0.55 3791.196 66 (80) 
4100.92 0.64 — * 42 (80) 
4123.81 0.46 . . . .  ,  *  40 (80) 
Hf 3777.64 0.088 3777.664 150 (80) 
4' 
*No measurement made because of high flame noise. 
Precise CN wavelength not listed. 
Table 6 (continued) 
Element Wavelength, 8 gf 
Molecular line 
wavelength, A 
Sensitivity 
yg/ml/1% A 
Zr 3863.87 0.57 3863.993 44. (80) 
3835.96 0.54 * fj 
6a 4172.06 0.53 *  3.7 (84) 
In 4104.76 0.47 *  2.6 (84) 
Y 4102.38® 1.3 5.0 (80) 
4128.31 1.1 •  *  5.4 (80) 
4142.85 0.8 *  11.0 (80) 
Ho 4163.03^  • •  *  2.4 (83) 
4103.84® 6.3 ___ * 1.4 (83) 
4053.93 5.9 * 1.9 (83) 
yRecommended analytical line. 
No reported value. 
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reported in this thesis, other interferences appeared prob­
able. Some additional interference possibilities in the OH 
system, not listed by Robinson, are given in Table 5. Further 
examples of possible interferences, in the CN Violet system, 
are listed in Table 6. This system was selected because CN 
is a very good absorber and because the wavelength region over 
which absorption lines occurred in our flame cells was rather 
extensive. Included in these tables are the wavelengths of 
the atomic and molecular lines, the gf values of the transi­
tions (85) which are measures of the probability of absorption 
(or emission), the sensitivities of the atomic lines (defined 
as the concentration of an element in solution, yg/ml, which 
will produce a 1% absorption signal), and the reference for 
the sensitivity figure. 
An exhaustive survey of the influence of flame background 
absorption on each line was not undertaken. Rather, a few 
illustrative examples were selected to assess the nature of 
the interference. It should be noted that six of the 39 
lines listed were recommended analytical lines. Of the re­
maining 33 lines, none was more sensitive than the recommended 
line for the appropriate element. Only one of the six 
analytical lines, i.e., Pb 2833 S, was not the most sensitive 
wavelength. The 2170 2 Pb line was reported as approximately 
twice as sensitive as the 2833 S line (3, pp. 118-119). How­
ever, Slavin stated that the more sensitive line, located in 
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a region of flame background absorption, yielded a slightly 
noisier Pb analysis than the line he recommended, the 2833 & 
line (which was also partially absorbed by the flame gases, 
OH). At least one instrument manufacturer, Varion Techtron, 
recommended the more sensitive 2170 S line in spite of the 
background absorption. 
Since no other lines have been rejected on the basis of 
flame absorption, three Y lines which fall in the CN Violet 
system were selected to test the second hypothesis, viz., 
that background molecular absorption significantly reduces the 
power of detection for a given atomic line. A fuel-rich flame 
of premixed nitrous oxide and acetylene was used for the de­
termination of the noise levels of the three incident hollow 
cathode lines (0^ ) and of the transmitted radiant flux both in 
the absence and presence (0) of the analyte aerosol. 
The analysis site and flame stoichiometry were maintained at 
5 ram above the burner top and A = 0.350 mixture strength, 
respectively, throughout the experiment. The recorder traces 
at a fixed system time-constant are shown in Figure 20 where 
(a) corresponds to the 4102.38 5 analytical line, (b) the less 
sensitive 4128.31 S line and (c) the least sensitive line, 
4142.85 S. The sensitivities were in the ratios of 1.00: 
1.16:1.52 for lines (a), (b) and (c), respectively. These 
agreed very closely with the ratios calculated from the gf 
values and a flame temperature of 3040°K (1.00:1.17:1.25). 
The peak-to-peak noise for the 4102.38 & line which showed no 
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(b) 
*0 vtvV 
(0 
* mwwwA' 
k# 
Figure 20. Influence of flame absorption by the CN molecule 
on Yttrium lines (a) 4,102.38 a, (b) 4128.31 A, 
and (c) 4142.85 A. # — Incident radiant flux, 
flame absent; — Incident radiant flux trans­
mitted by flame alone; $ — Transmitted radiant 
flux by flame and 44.5 ug/ml Y 
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CN band interference was 0.55% and 0.42% of full scale with 
and without the flame^  respectively. The effect of strong 
flame emission can be seen in Figure 20 (b). The peak-to-peak 
noise increased from 0.47% for the hollow cathode lamp alone 
to 0.76% with the flame operating, an increase of 62% com­
pared with 31% for the 4102.38 £ line. Part (c) of Figure 20 
illustrates the striking increase in noise when the flame 
gases themselves absorbed some of the incident line radiation. 
The absorption was only 4.1% but the noise increased 129% from 
0.59% to 1.35% peak-to-peak with the flame in the light path. 
The influence of the flame emission and background absorption 
on the noise and therefore on the power of detection was very 
significant. For the 4102.38, 4128.31, and 4142.85 S lines 
the detection limits were 9.7, 15.5 and 36.1 ug/ml, respec­
tively. The detection limit of the second line was comparable 
to its sensitivity, but for the third line it was approximately 
twice the sensitivii^ . Normally, detection limits are much 
smaller than sensitivities. These particular detection limits 
are somewhat exaggerated because relatively little signal 
damping was eirployed in order to facilitate the noise measure­
ments for the hollow cathode lamp alone. 
Similar studies were made for two V lines, neither of 
which were strong absorption lines, and for two Bi lines, one 
of which was the recommended analytical wavelength. For V, 
the 3855.84 & line was absorbed by the nearly coincident 
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3855.883 & CN line in the nitrous oxide flame. Although the 
absorption was not very strong, the noise level increased 3 
to 4 times that measured for the hollow cathode line alone. 
A second V line at 3902.25 £, which showed no background 
flame absorption and no increase in noise, served as a compari­
son. Thus, the increase in noise at the 3855.84 & line was, 
in fact, caused by flame absorption. The second element, Bi, 
proved to be a very interesting example of background absorp­
tion. Both the recommended 2230.61 8 line and the 3067.72 & 
line were attenuated by the flame gases: the first to the 
extent of 20.2% and the latter 64.7%. The rms noise at each 
line was 0.55% and 0.38%, respectively. Thus, the most 
strongly absorbed line (3067.72 8) showed the least rms 
fluctuation at 0.38%. Although the sensitivities of the two 
lines, 2230.61 and 3067.72 2, were 0.35 yg/ml and 1.1 jjg/ml, 
respectively, a factor of 3 different; the detection limits 
at 0.39 and 0.84 yg/ml, respectively, were only different by 
a factor of two. Therefore, at low analyte concentrations 
either line could be used with very little loss of concentra­
tion range. OH molecular absorption obviously accounted for 
the energy loss at the non-analytical line whereas the ab­
sorption of the 2230.61 2 line was probably due to the Og 
Schumann-Runge continuum. The flame absorption was also 
determined using a deuterium continuum primary source. For 
the 2230.61 & line, the absorption remained essentially the 
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same as that with a hollow cathode lamp primary source. But, 
only 35.4% of the incident radiation was absorbed at the 
3057.7 S line using the deuterium lamp. These findings lend 
further credibility to our assessment of the origins of the 
background absorptions. 
One other potential interference was noted. This was the 
coincidence of the Lu 3359.6 S analytical line with the 3360 2. 
NK band system. However, Lu is determined in a fuel-rich, 
nitrous oxide-acetylene flame at a mixture strength where only 
very slight NH absorption (less than 5%) would be encountered. 
Hence, the interference, if it exists, would be comparable to 
that described for the 4142.85 2. Y line — CN molecular band 
interference. 
In no instance has the most sensitive line for an element 
been rejected because of flame absorption other than those 
previously reported. However, attenuation by flame .molecules 
was shown to reduce the power of detection for certain lines, 
some of which were almost as sensitive as the recommended 
analytical line. Often, a given line is too sensitive for 
the analysis of a wide range of analyte concentrations. In 
this case, a second less sensitive line is used to avoid saiiçle 
dilutions. Many of the lines listed in Tables 4 to 6 would 
seem likely choices as second analytical lines. Thus, back­
ground absorption by the flame could become a more significant 
problem for analytical atomic absorption spectroscopy. 
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CHAPTER III. MOLECULAR ABSORPTION SPECTROSCOPY OF 
SALTED FLAMES 
As stated in the introduction, the generator of free 
atoms for analysis by atomic absorption spectroscopy is a 
simple, open flame. The atomic vapor is produced, with vari­
ous degrees of efficiency, by the physical (e.g., rate of heat 
transfer to the sample) and chemical (equilibrium between the 
constituents of the sample and flame gases) action of a flame 
on a sample-laden aerosol. Very few salts are completely con­
verted to free atoms in flames. Indeed, the kaleidoscope of 
events which assail the aerosol droplet during its brief 
residence in the flame have yet to be fully enumerated, let 
alone understood. Some of the processes which an aerosol 
droplet is likely to experience are listed in Table 7. The 
various simple compounds which contain any of the sample 
components are often capable of absorbing a fraction of the 
incident atomic resonance line radiation. Obviously, this 
spectral interference would result in inaccurate analysis. 
This is one of the more coitimon types of interference en­
countered in flame emission spectroscopy but it can similarly 
affect atomic absorption spectroscopy albeit with lower fre­
quency of occurrence. 
The occurrence and strength of an atomic line-molecular 
band spectral interference is determined by the following 
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Table 7. Atomization processes in the flame 
1. vaporization (and combustion, in the case of organics) of 
solvent 
2. desolvation of salt residual 
3. vaporization of the salt or its reaction product(s) 
4. decomposition of vapor 
5. dissociation of the resultant molecular species 
6. ionization, compound (association) formation with flame 
species, e.g., OH and 0 
factors: (a) the degree of overlap of the hollow cathode 
emission line and the rotational line (or lines) of the ab­
sorbing species and (b) the absorption oscillator strength of 
the specific rotational line(s) involved in the vibronic 
transition. The oscillator strength, or f-value, can be con­
sidered a measure of the probability of a given transition. 
For the strongest transitions, f approaches unity. The 
degree of overlap is governed principally by the wavelength 
separation of the line centers and the shape of the emission 
and absorption lines. Typically, hollow cathode lines are 
quite narrow. Their widths, at half-height, range from 0.01 
to 0.05 £ under normal conditions of lamp operation (19, 86). 
The widths of these lines are determined primarily by 
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Doppler broadening. However, the absorption line half-widths 
are determined by a combination of Doppler and collisional 
broadening effects (87). As a result, absorption lines in a 
flame are wider than hollow cathode emission lines.. In addi­
tion to the line widths, the contour of the lines extends 
the wavelength interval over which overlap may occur. The 
second factor, the f-value, deserves special consideration. 
As a rule, f-values for the strongest vibrational-rotational 
bands are much smaller than oscillator strengths for atomic 
transitions (88, p. 24). For atoms these values are typically 
0.1 to 1 (e.g., f = .67 and .33, respectively, for the two 
lines of the Na doublet at 5893 S) compared with 10  ^to 10  ^
for the strong electronic molecular transitions (e.g., OH, 
Z^-^ TT, f = 1.2 X 10"^ ; CN, f = 2.0 X lO"^  (88, pp. 23, 
24)). However, oscillator strengths on the order of 10 ^  are 
more usual. This suggests that the probability of atomic 
resonance line-molecular band interferences might be somewhat 
greater than atomic line-atomic line coincidences but that 
the interferences would not be as strong. 
Review of the Literature 
Absorption spectroscopy has been one of the most power­
ful tools in the scientist's arsenal for both fundamental 
studies and analytical applications. Solid, liquid and gas 
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phase spectral absorption techniques are introduced to 
sophomore students in the physical sciences at most colleges 
and universities. However, virtually all of these investi­
gations are conducted under ambient conditions of temperature 
and, usually, pressure. During the second and third decades 
of this century, spectroscopic techniques evolved for study­
ing "unusual" molecular species which exist only at high 
temperature. The King furnace (89, 90) and its numerous 
modifications, have been used extensively as both source and 
absorption cell for the relatively volatile inorganic halides, 
some oxides and sulfides. In its early form, the King fur­
nace consisted of a resistance heated, long, carbon tube 
which was thermally shielded in an air tight compartment. 
Operation in vacuo or in an atmosphere of inert gases was 
necessary since the graphite tube would bum in the presence 
of oxygen. Sublimation of carbon at high current densities 
determined the upper temperature which could be attained 
(slightly higher than 2100°C) . 
The absorption spectra of some volatile halides (BCl, 
BBr, AlCl, AlBr, All, and SiCl) were observed in the reaction 
products of a high voltage, low frequency discharge through 
the vapors of their parent species (91, 92). Many species, 
however, cannot survive in the neighborhood of the electrodes 
and continuous flow systems must be used. The technique of 
flash discharges was introduced by Nelson and Ramsay (55) . 
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Experimentally^  this technique is similar to flash photolysis 
and flash heating except that the photolysis lamp is replaced 
by a set of high purity electrodes. An extremely short, high 
energy capacitor discharge pulse produces many unusual mole­
cules and radicals which can be observed via their absorption 
spectra. Flash heating retains the photolysis lamp and uses 
a metal grid (e.g., tungsten) to support the finely divided 
2 
sample. Photon fluxes as high as 30 joules/cm /flash have 
been used to vaporize the solid sample. 
Within the last several years, shock wave heating has 
been employed to produce various high teirperature metal 
monoxides which have been studied subsequently by absorption 
and emission spectroscopic methods. The ground state con­
figuration of BaO, which had been the object of much contro­
versy, was convincingly determined (^ S) by Parkinson (93). 
Tyte (94, 95) determined the dissociation energy of AlO from 
the long wavelength limit of its observed absorption con­
tinuum. 
While flames have frequently been employed as generator 
and excitation sources of high temperature molecules, e.g., 
in structure studies and chemical analysis, they do not 
appear to have been used as high temperature .absorption 
cells. Barrow and Crawford (96) briefly mentioned the obser­
vation of some coirplex-structured absorption in the. violet 
using flames of various pyrotechnic magnesium confounds. 
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The bands may have been due to MgOH, a triplet system of MgO 
or even a polyatomic molecule. The bands in the green, which 
are known to be were not observed. Thus, the lower 
2^ level may not be the ground state. 
More recently, Koirtyohann and Pickett reported spectral 
interferences in atomic absorption spectroscopy caused by 
metal halide, monoxide and monohydroxide molecular absorption 
in flames of analytical importance (10). They obtained 
alkali metal halide absorption using an oxyhydrogen flame 
directed through a Vycor tube (to increase the absorbing path) 
and again using premixed air-natural gas flames. These 
spectra did not appear in the hotter air-acetylene flames. 
Absorption interference by alkaline earth monoxide and 
hydroxide molecules was also reported by these authors. For 
example, the determination of Ba at the 5535.5 S line was 
complicated by CaOH absorption (1% Ca produced the same ab­
sorb an ce as 75 ug/ml Ba) . Lesser interferences were found 
for SrO on the Li 6708 2 line, CaO on the Na 5890 S line, and 
MgOH on the Cr 3579 & line. Thus far, no reports have ap­
peared in the literature of similar molecular interferences in 
oxyacetylene or nitrous oxide-acetylene flames. In fact, 
Slavin (3, pp. 73, 84) stated that the CaOH-Ba interference 
disappeared in the hot nitrous oxide-acetylene flame. 
Long tube flame adaptors present certain inconveniences 
which render them somewhat impractical. The absorption by 
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flame gases is often very great. There is an undesirable 
memory effect from one sample to the next. Furthermore, 
elements which have a tendency to form stable oxide or 
hydroxide molecules in the post-reaction zone gases do so 
more readily in the cooling environment of the tube. This 
effect has been used to advantage by some workers to deter­
mine some non-metals by absorption spectroscopy via their 
oxide bands. The absorption spectra of SO2 and NO were ob­
tained when sulfuric and nitric acid, respectively were 
sprayed into an air- or oxygen-hydrogen flame absorption 
tube (13). More recently, sulfur was determined with an 
analytical sensitivity of 10 yg/ml using the SO2 2070 2 
maxima in the strong 2350 to 1800 S system (14)- Amino 
acids, proteins and sulfuric acid were determined using an 
air-hydrogen flame absorption tube. Our observations of 
metal monoxide absorption spectra in high tenperature oxy-
acetylene flames (51, 52) suggested that other potential 
interferences should be investigated. 
Experimental Facilities and Procedures 
The experimental facilities employed for this study were 
identical to those described in Chapter II. The spectra re­
produced in Figures 21 and 22 are exceptions in that a 3s-meter 
Ebert mounting, grating spectrometer was eirployed. 
10% 
< 
d% 
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Figure 21. Absorption spectrum of ScO from 6030 to 6 360 8 observed in the fuel-
rich nitrous oxide-acetylene flame. 1000 yg/ml Sc solution 
«0% L/f 
10% 
5960 6000 6040 6080 6*20 
WAVELENGTH, (A) 
Figure 22. Absorption spectrum of YO from 5950 to 6280 % observed in the fuel-rich 
nitrous oxide-acetylene flame. 500 yg/ml Y solution 
105 
A tungsten filament lanp was used as the primary source for 
an initial survey and hollow cathode lamps for the final con­
firmation of atomic line-molecular band interferences. The 
spectral band-pass for the continuum primary source studies 
was 0.082 2. 
The procedure for studying an interference consisted of 
measuring the absorption, or noting the absence thereof, by 
a potential interférant (generally, a major sairple constituent) 
at an analyte resonance line. Prior to this measurement, the 
analyte absorption was maximized (monochromator accurately 
centered on the line and flame mixture strength optimized). 
A hollow cathode lairç) was used to confirm the interference if 
more than 1% absorption of the incidence radiation was ob­
tained in the initial study with the continuum lamp. Aqueous 
solutions, 1% (w/v) in the elemental precursors of the 
molecular species, were used for these studies. The 1% con­
centration was selected because solutions more concentrated 
than this are very seldom encountered in atomic absorption 
spectroscopy. Further, many of the potential interferences 
were not expected to be strong. The salts used to prepare 
these solutions were Reagent Grade for all but the lanthanides, 
Sc and Y which were prepared from their oxides, purified by 
ion-exchange in our laboratory, and analyzed by emission 
spectroscopy. These conpounds were generally free of the 
hollow cathode elements. Since ionization of the analyte is 
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often serious in high-temperature flames, the solutions con­
tained 2000 lag/ml of K or Na (as the chloride) for these 
final studies using sharp line sources. 
Selection of potential ïaaitrix element interférants 
Extensive tabulations of the most sensitive resonance 
lines for atomic absorption spectroscopy are available (3, 
pp. 60-61; 5, pp. 401-408; 20; 78; 80; 97). Potential inter­
férants, i.e., those molecules which have emission or absorp­
tion spectra coincident with an analytical line were tabulated 
and are presented in Table 8. Various standard reference 
listings of band head wavelengths (6 8, 70) and an atlas of 
flame emission spectra compiled in this laboratory (98) 
facilitated this tabulation. 
Not every potential atomic line-molecular band inter­
ference was studied. Rather, a number of them which appeared 
very probable or especially important were selected for study. 
Inferences which had been previously reported are also listed 
in Table 8 and were not examined further. Those molecules 
for which the vibrational energies were known are indicated 
by an asterisk if the lower level in the electronic transition 
was an excited level. The probability of populating that 
vibrational level sufficiently at prevailing flame tempera­
tures to provide measurable absorption was a helpful aid in 
accessing potential interférant molecules. Some of the possi­
ble interferences were rejected on the basis of the relatively 
Table 8. Potential atomic line-molecular band spectral interferences by sample 
concomitants 
Atomic. 
Analyte^  line, R 
4« 
Molecular interférant 
(band head wavelength (A), direction of shading) 
Cs 
Rb 
(1) 
(1) 
K (1) 
Li(l) 
8521.1 VO (8520.9*, R), LaO (8490.0*, R; 8526.6*, R) 
7800.2 CrO (7778. 1*, R) , TiO (7820.1*, R) , Nd salt (weak broad band) 
7664.9 LaO (7657. 8*, R) , TiO (7666. 4*, R) , TbO®, Pr salt (7662. 8-^  
7668.2) 
6707. 8 BaO (6704.5*, R) , ScO (6705.9*, R) , VO (6706.0*, R) 
SmO (6700.2, V; 6 716.5, —) , TmO (weak broad band) ZrO®, 
TiO (6681.1, R), SrOH (6710, broad max.)Lu salt 
(6750 , M) , Pr salt (6721.9, —), TbO (-6735, R) , Nd salt 
(6707.5 , R) 
t(l) Cool flame recommended, air-propane or butane; (2) Fuel-rich nitrous 
oxide-acetylene flame; (3) Air-acetylene flame. 
tt*Lower level of transition is an excited vibrational state; R = Degraded 
toward longer wavelengths; V = Degraded toward shorter wavelengths; — = Direction 
of shading uncertain; M = Symmetric band. 
P^reviously reported. 
Wavelength not measured. 
Table 8 (continued) 
Atomic Molecular interférant"'"' 
Analyte line, A (band head wavelength (A) , direction of shading) 
Na(l) 5890.0 Tm salt (5800.0, —; 5891.5, R) , VO (5888.9*, R) , ScO 
(5887. 4*, R) , Dy salt (5884.4, R) , MnO (5880. 3*, R) , Ho 
salt (5880 , —; 5910, —), LaO (5869 .5*, R) , LuO , TbO 
(5876 , —), Ero®, Tio (5861.7*R,)> Pr salt®, ZrO 
(5859, R), ThO®, SmO (5857.2, R), CaO (5825; 6038^  broad, 
diffuse max.) 
Ba(2'3) 5535.5 EuOH (5530), Tm salt (5531.0 , —)^ , FeO (5531.4 , R) , Er 
salt (5533.5, V; 5537.6, —), Tb salt (5533.8, V; 
5537.6, —)", LaO (5536.3 , R) , VO (5517.3,, R) », ScO 
(5517.9, R)°,,DyO (5492.5 , —; 5544.2 , V)^ , TiO 
(5497.0*., R),J ZrO_(5515.3, R) LuO (5486, R) ,„CaOH 
(5537.7, NdO®, GdO (5487.5*, R)°, Pr salt®, 
YbOH (5550, — 
Pr(2) 4951.4 LuO (4949. 8*, R) , NbO (4946-7*, R) , BaO (4941.7*, R) , . 
ScO, (4 85 8.1,^ R) ; 4893. 3, R) *, YO (4868.3*, R) *, NdO (4959) , 
Tbo"' , VO*^ /®, ZrO (4969.8, R) ", YbOH (4981, —) , Er salt 
(4956.9, V)°, Tm salt (4962.3, V)^ , Gd salt (4949.4*, R)^ , 
BeH (4982.8*, V) 
Tested using a continuum primary source, absorbs 1% or more. 
Tested using continuum primary source, absorbs less than 1%. 
Table 8 (continued) 
Analyte 
Atomi c 
line, A 
« i* ^  Molecular interférant 
(band head wavelength (A) , direction of shading) 
Sr 
Eu 
(2,3) 
(2 )  
Tb 
Sm 
Ca 
Dy 
( 2 )  
( 2 )  
Ho 
(^2) 
(2,3) 
( 2 )  
( 2 )  
Tm ( 2 )  
4607.3 
4594.0 
4326.5 
4296.7 
4226.7 
4211.7 
4103.8 
4102.4 
4094.2 
d 
LaO (4607.3*, R). AlO (4593.8*, R), YO (4603.7*, R) 
ScO (4606. 8*, R)^  , LuO (4590.7*, R) , TiO (4584.1, R) 
DyO (4591.9 , R)b , NdO (weak broadband), GdO (4615.8, R) , 
Tb sait (4607, —) , Pr sait 
LaO (4593.8*, R), AlO (4593.8*, R)^ , LuO (4590.7*, 
BaO (4579.4*, R), ScO (457a,3*, R)°, NbO (4569.5, R)», 
Nd sait (4511, R; 4619, R)", YQ (4561.8*, R)^ , TiO 
(45 84.1, RO , GdO (4499.4*, R) Dy sait (459 8, —; 
4591.9 , R)", Tb sait (4590 , —) ''^ , Pr sait®'® 
Dy sait (4310, —; 4320, —)^ , Er sait (4310, M)^  
CaO (4284.6*, R) , CuH (4279.6, R)^ , Dy salts (4298, —)^  
YbO (4190, —), SnO (4217.7*, R) 
CaO (4205. 1*, R) , YbO (4190, —) 
LuO (4094.0, R)b, B^ O^g (4090.6*, R) 
LuO (4094.0, R)^ , B^ O^g (4090.6*, R) 
LuO (4094.0 , R)^ '°, B^ O^g (4090.6*, R) ^ 
"^ Tested using a hollow cathode lamp primary source, absorbs 1% or more. 
Table 8 (continued) 
 ^ Atomic 
Analyte line, A 
'h Molecular interférant 
(band head wavelength (%), direction of shading) 
Er 
Yb 
Sc 
Gd 
Ti 
( 2 )  
( 2 )  
( 2 )  
( 2 )  
( 2 )  
Zr 
( 2 )  
( 2 )  
U 
Cr 
La 
(3) 
(2) 
4008.0 LuO (4008, R) 
3988.0 SnO (3978.7*, R; 3983.9, R), CaO (3959.4*, R), AuH 
(3972.8*, R), AgH (3396*, R) 
3911.8 MgO/OH (3914, M) , AgH (3905*, R) , SnO (3899. 3*, R) , 
SrO (3897.1, R), CaO (3894.7*) 
3684.1 LaO (3709.6 , V), MgO/OH (3684.4, V), SrO (3671.5*, R) , 
ZrO (36 82.1, R) 
3642.7 Mg oxide (3645 , M) , AgH (3637*, R) , SrO (3627.0*, R) , TaO^  
SbO (3621.7, R) 
3653.5 LaO (3660.9*, V; 3666. 4, V), AuH (3651.9 , R) , SrO 
(3646.0*, R), HfO (3654.3, R), CaO (3656.6*, R), TaO , 
TbO 
3601.2 LaO (3604.5 , V), SrO (3586.9*, R) , SnO (3585. 4*, R) 
3584.9 LaO (3604.5 , V), SnO (3585. 4*, R) , SrO (3567. 1*, R) 
SbO (3580.7, R) , SeO (3578.9*, R) 
3578.7 LaO (3604.5, V), SrO (3567. 1*, R) , CaO p564.0*, R) , 
ZrO (3572.0, R) , SeO (3578.9*, R) , MgOH^ '® 
3574. 4 SrO (3567. 1*, R) , SnO (3542.4*, R) , CaO (3564.0*, R) , 
ZrO (3572.0 , R) 
Table 8 (continued) 
. Atomic 
Analyte line, X 
»|« 
Molecular interférant 
(band head wavelength (8) , direction of shading) 
La ( 2 )  5501.3 
Ru 
Re 
Rh 
(3) 
( 2 )  
(3) 
Lu 
Nb 
Ag 
( 2 )  
( 2 )  
(3) 
(3) Cu 
w(2) 
3498.9 
3460.5 
3434.9 
3359.6 
3349.1 
3280.7 
3247.5 
3184.0 
BaO (5492.7j R) ' , Dy salt (5508. 4, gr salt . 
(5499.0 , R)OfC salt (5500. 4, R)b , Tb salt (5501.2, Ry°, 
ScO (5474.3 , RÎ^ , TiO (5497.0*, R)^ , ZrO (5491.7*, R)^  , 
VO (5469.3 , R)", LuO (5463.9, R; 5486 , R) , ,CaOH £5537.7, M)" 
NdO^ /S , GdO (5487.5*, R) , CrO (5564.1, R) , SmOd/è , 
YbOH (5550 , —)"•, Pr saH^ 'G 
PbO (3485.7, R) , SnO (3484. 5*, R) , TeO (3463. 8, R) , 
SbO (3469.1*, R) , CaO (3494.7*, R) , SeO (3481. 8*, R) , 
ZrO (3493.1, R) 
SnO (3444.6*, R) , TeO (3422.2 , R) , ZnO (3435.3 , R) 
BO (3441. 1*, R) , SrO (3445.2 , R) 
SnO (3388.3 , R) , TeO (3422.2 , R) , BiO (3434.4, R) , 
SrO (3389. 8, R) , PbO (3401.9*, R) , CaO (3409.1, R) 
SbO (3402.4*, R) 
AgH (3330, R) , SnO (3323.5 , R) , SbO (3311.4, R) 
AgH (3330 , R) , SnO (3323.5 , R) , SbO (3311.4, R) 
SnO (3262.4, R) , BO (3271.0 , R) , AsO (3277.2, R) 
SnO (3229. 8*, R)^ , AgH (3220*, R) , BO (3209.3*, R) 
AgH (3179, R), AsO (3170.6, R; 3172.4, R) 
Table 8 (continued) 
, Atomic Molecular interférant ' ^ 
Analyte line, % (band head wavelength (A) , direction of shading) 
3132 .6 AsO (3105.6, R) 
Al(^ ) 3092 .7 BO (3088.6*, R) 
3039 .4 BO (3043.6*, R) , AlO (3021.6, R) 
113 
high energy of the lower vibrational level. AlO and LaO are 
exançles in which the coincidence of the molecular bands with 
the 4607.3 & Sr line was favorable but the energies of the 
-1 -1 
vibrational levels, at 5583 cm and 5556 cm , respectively, 
appeared too high to be significantly populated (68, pp. 478, 
400). The dissociation energy of a molecular species was 
used to judge the probability of finding that molecule in the 
flame gases. For exairple, the hydrides listed in Table 8 are 
all too unstalDle to exist in the hot nitrous oxide-acetylene 
flame (68, pp. 374-376). The hydroxides of Mg, Ca, Sr, and 
Ba (the dissociation energies are between 2.4 and 4.7 eV (68, 
pp. 383-390)), similarly, do not exist in fuel-rich flames of 
premixed nitrous oxide-acetylene although they may be found in 
less rich, stoichiometric, or lean flames and in flames cooler 
than nitrous oxide-acetylene. The proximity of the line to 
the band head of the interférant is a useful acceptance or 
rejection criterion because closely spaced rotational lines 
increases the probability of an interference. The direction 
of shading of the vibronic transitions will be found in Table 
8 where R, V, M and — indicate bands degraded toward longer 
wavelengths, shorter wavelengths, approximately symmetric 
bands and bands in which the direction of shading is uncertain, 
respectively. Interferences in the determination of the 
alkali metals, which are best analysed in low temperature 
flames, were not included in this study. 
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Results and Discussion 
Significant fractions of elements present in the sample 
matrix may exist as molecular species in flames used for 
atomic absorption spectroscopy. Their presence in the flame 
gases depends on the stability of the molecule and flame 
temperature and coirposition. The less stable species, such as 
tri atomic molecules, hydrides and Group I oxides for exairple, 
exist predominantly in flames of low to intermediate tempera­
ture (air-supported flames of hydrogen, propane, butane, city 
gas and acetylene). The more stable molecules may be found 
in high tençerature flames of nitrous oxide- or oxygen and 
acetylene. The absorption spectra of CaOH and SrOH were ob­
tained using an air-acetylene flame. Yet SnO, with a signifi­
cantly higher dissociation energy, could not be observed. 
Absorption spectra of some rare earth monoxides or possibly 
hydroxides were observed using acetylene flames supported by 
nitrous oxide or oxygen. No absorption was found for NdO in 
the former flame. For Gd, Dy and Yb very weak molecular 
absorption was measured at the wavelengths of their band 
heads for 0.1% solutions. However, Sc, Y, La and Lu mon­
oxides absorbed strongly in nitrous oxide-acetylene flames. 
Figures 21 and 22 are reproductions of a region of the absorp­
tion spectra of ScO and YO, respectively. Each vibronic band 
for these two molecules did not encompass a large wavelength 
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interval although the number of vibrational bands observed 
and wavelength coverage was extensive. The rotational 
structure near the band heads could not be resolved by the 
monochromator since the calculated spectral slit width (0.59 
•* X o 
cm to 0.67 cm over the 400 A wavelength interval) was on 
the order of the rotational constants for ScO and YO (0.51 
cm ^  and 0.38 cm respectively, in their ground states and 
only slightly less in their excited states (68, p. 402)). 
The results of a somewhat more conprehensive survey are 
included in Table 8. Of the many possible interferences, it 
is significant that most involve analytes determined in fuel-
rich, nitrous oxide-acetylene flames. More important, most 
of the potential interfering molecules were found to absorb 
less than 1% of the incident radiation at the 1% concentra­
tion level. Exairples of some interferences, both weak and 
strong, are shown in Table 9. Only the interferences on Eu 
were significant. 
Figure 23 illustrates the degree of interference ob­
served for the strongest atomic line-molecular band combina­
tion, Eu 4661.9 S — Lu 4661.7 % (0,0), 3 system (70). The 
4661.9 R line was one of the most sensitive transitions for 
that element. Its gf value, a measure of the sensitivity, 
was 1.5 compared with a gf value of 2.1 for the slightly more 
sensitive 4594.0 S line (85). The latter line did not show 
an interference with LuO. The 4661.7 & LuO (0,0) bcind head 
Table 9. Atomic line-molecular band interferences in the fuel-rich nitrous 
oxide-aoetylene flame using sharp line (hollow cathode) primary 
sources 
Sensitivity Equivalent conc.* 
Analyte Wavelength, A yg/ml/1% A Interférant yg/ml. 
La 5501.3 62 1% Ba (w/v) 
1% Dy 
1% Er 
100 
50 
53 
La 4949.8 112 1% Lu 38 
Eu 4594.0 0.23 1% Tb 0.52 
Eu 4661.9 0.43 0.04% Lu 1.8 
* 
The amount of analyte in solution (pg/ml) which absorbs the same amount 
of the resonance line as the given concentration of interférant. 
0.18 
0.16 
0.14 
0.12 
4661.9 Â 
Eu line S 0.10 
tn 
S 0.08 
0.06 
lu 
0.04 4594.0 Â 
Eu line 
0.0 
0.00 
0.0 0.2 0.3 
% LUTECIUM (W/v) 
0.4 0.5 
Figure 23, Spectral absorption interference by LuO on Eu at the 4661.9 8 
resonance line. Fuel-rich nitrous oxide-acetylene flame. Eu 
hollow cathode lamp primary source 
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responsible for the interference is shown in Figure 24A. A 
fuel-rich nitrous oxide-acetylene flame (A = 0.40) was used. 
The spectrum was scanned at 5 S/min using a tungsten filament 
lairç) primary source and a calculated band-pass of 0.082 S. 
The Tm 4094.2 S line also showed a significant LuO 
molecular absorption band interference using a continuum pri­
mary source. The 4094.0 & (0,0) LuO band head is shown in 
Figure 24B. However, when an attempt was made to verify this 
interference using a Tm hollow cathode lanç, the emission in­
tensity from the LuO bands was so strong that the associated 
background noise rendered the underlying atomic resonance 
line unusable. The effect of very intense flame emission on 
atomic absorption spectroscopy has been adequately documented 
(3, p. 74; 5, pp. 167, 168). 
Although not listed in Table 9, the Ba-CaOH pair is of 
particular interest. Barium is often determined using an air-
acetylene flame. But, the presence of Ca produces a spectral 
interference at the 5535.5 % line as was mentioned earlier. 
This interference can be avoided by using a nitrous oxide-
acetylene flame according to Slavin (3, pp. 73, 84). While 
this is true, some qualification should be made, namely, that 
the flame must be sufficiently fuel-rich. For example, ap­
proximately 40% absorption was obtained for a 2% Ca solution 
at the Ba line using a fuel-rich flame in which no red inter-
conal zone was visible. The absorption decreased to 7% in a 
z 
< 
lo 
10% 
o< 
IS 
( A )  
g 
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!§? \fl_J 
H kO 
Figure 24. 
WAVELENGTH, ( Â )  WAVELENGTH, ( A )  
A. LuO 4661.7 & (0,0) band head absorption spectrum, 0.2% Lu (w/v) 
B. LuO 4094.0 % (0,0) band head absorption spectrum, 1% Lu (w/v) 
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flame which exhibited a small interconal zone (2-3 mm) and 
finally disappeared in a very fuel-rich flame (interconal zone 
20 to 30 ram tall). 
This study, though by no means exhaustive, demonstrated 
that serious molecular band interferences from constituents of 
the sanple matrix are seldom encountered in analytical atomic 
absorption spectroscopy. Most of the interférants listed in 
Table 8 were due to rare earth monoxides stable in the nitrous 
oxide-acetylene flame. Many of the molecular band inter­
ferences might be observed to a greater extent in air-
acetylene or oxyhydrogen flames but these flames are not as 
useful for the determination of the analytes for which the 
interferences were noted. An interference by a metal mon­
oxide or hydroxide can normally be minimized by the appropri­
ate selection of flame mixture strength and height. Inter­
ferences of this nature, which occur in air-acetylene flames, 
also may be minimized or eliminated by using a hotter flame 
(e.g., N2O-C2H2 or 02'''"2^ 2^  at the appropriate mixture 
strength and flame position. However, if the interference 
cannot be eliminated, no adequate means of correction can be 
applied. In principle, the tedious method of matching the 
concentrations of sample matrix constituents and the standard 
solutions should work, but, in practice, accurate matching 
would be quite unlikely. The technique of background conden­
sation using a continuum lamp primary source and a hollow 
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cathode source would not cancel the absorption by the inter­
férant molecule since the absorption by the molecular species 
using each source would not be normally equal. The hollow 
cathode radiation and the continuous radiation alternately 
pass through the flame-sample cell; each would be attenuated 
by the gaseous flame species. The hollow cathode line radi­
ation can be absorbed by both the atomic vapor and by the 
interfering molecular species whereas the attenuation of the 
continuum would be primarily a function of the molecular 
species, its structure and the resolution of the monochroma-
tor. The difference between the resulting signals is aitpli-
fied and supposedly corresponds to the "corrected" analyte 
absorption signal. The attenuation of sharp line or continuum 
source by the interférant would be coirparable only if the 
absorption is structureless, i.e., continuum-like or actually 
a continuum. 
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CHAPTER IV. LIGHT SCATTERING IN SALTED FLAMES 
Radiation scattering is too frequently overlooked by 
analytical spectroscopists. The techniques of atomic ab­
sorption and fluorescence spectroscopy are particularly 
susceptible to this phenomenon. Scattering is, in fact, a 
very common phenomenon that may take place whenever light 
traverses an inhomogeneous medium. Like absorption, scatter­
ing removes energy from the beam of light. That is, the beam 
is attenuated and ttie energy is re-emitted in all directions 
as light of unaltered frequency. The inhomogeneities may be 
water droplets, dust particles, an aerosol, or in general, 
any polarizable material. A flame, even without foreign 
particles (e.g. the sample) , is certainly an inhomogeneous 
medium and may become much more so when an aerosol is intro­
duced. The scattering, a spurious signal, either in atomic 
fluorescence or atomic absorption spectroscopy, must be con­
sidered a spectral interference in that the attenuation or 
emission signal may be wrongly attributed to the analyte 
rather than the s angle matrix. 
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Review of the Literature 
Surprisingly few papers treating this subject have ap­
peared since Walsh reintroduced atomic absorption spectroscopy 
in 1955. Of the scientists who have attempted to identify 
the causes of the light attenuation, most have been proponents 
of scattering by solid particles (salts, carbon particles, 
etc.). David (16) and Willis (15) were the first to suggest 
scattering as the process accounting for the so-called "back­
ground absorption". David encountered the problem in the 
determination of Zn in agricultural materials. Willis also 
observed light losses accompanying the introduction of the 
sairple containing aerosol to the flame. Even when the saiiç>le 
(urine) contained no analyte (heavy metals), Willis observed 
a light loss. He attributed this to scattering by small 
particles of sample that survived the destructive action of 
the flame. 
G. K. Billings, in a paper entitled "Light Scattering by 
Small Particles in Atomic Absorption", contributed what may 
be one of the most valuable reports to date (17) . He assumed 
that the light attenuation resulted from scattering (without 
testing this hypothesis in accordance with well established 
scattering relationships) and illustrated the effect produced 
by numerous salts. His figures were, in effect, calibration 
curves relating the degree of "absorption" to concentration. 
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The experimental conditions were optimized for the hollow 
cathode element with respect to stoichiometry, position in the 
flame, and best analytical line. Of the salts tested, those 
containing calcium were the most serious interférants. A 
figure showing the extent of light scattering by a 1% (w/v) 
calcium solution as a function of wavelength was of greater 
significance than the calibration curves. Figure 25 is an 
adaptation of this curve. Reference to the strong wavelength 
dependence of the light loss was as close as Billings came to 
identifying the type of scattering observed. 
The most convincing evidence to support the case for 
Rayleigh scattering was presented by investigators in 
Winefordner's laboratory (99, 100). Their studies, however, 
were applied to flame fluorescence spectrometry using total-
consumption aspirator-burners of the Beckman type. Spurious 
emission signals were obtained from both the pure solvent 
(HgO) and the aerosol solutions fed into oxyhydrogen or 
argon-hydrogen-entrained air flames. Veillon, et al., found 
-4 that these emissions followed a X law (99) . Further 
credibility was lent to their conclusion by studies of the 
polarization of the scattered radiation. However, particle 
sizes are significantly smaller in flames which utilize a 
premixing-spray chamber (as is normally the case in atomic 
absorption spectroscopy). Hence, direct extrapolation of 
these findings to premixed flames is not justified without 
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Figure 25. Light scattering by 1% calcium solution as a function of wavelength 
(adapted from reference 17) 
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experimental verification of the phenomenon. 
Koirtyohann and Pickett (10, 18) advocated absorption 
rather than scattering as the predominant cause of light 
losses. They based their conclusion on the following experi­
ments. The average aerosol droplet size issuing from their 
burner-nebulizer system was 8.6 y. A one per cent salt solu­
tion would yield a dried particle with a diameter of 1.36 ]i 
assuming siinple desolvation of the original 8.6 ]a droplet. 
The scattering characteristics of a particle very much larger 
than the wavelength of incident radiation dictated the use of 
Mie's general scattering theory for spheres of arbitrary size 
(101, pp. 114-130) . A 0.17% light loss at all wavelengths was 
predicted for the desolvated aerosol by the Mie theory under 
the conditions assumed by Koirtyohann and Pickett. This 
0.17% attenuation was considered too small to measure 
accurately. Therefore, to test their assumptions, the light 
loss produced by the undried aerosol (8.6 y average diameter) 
was measured at a number of wavelengths. These attenuations 
were compared with the appropriate calculated value of 4.6%. 
Their measured results, which agreed very well with the cal­
culated value, are presented in Figure 26. Koirtyohann and 
Pickett apparently believed that this excellent agreement 
for the 8.6 y aerosol droplets justified the prediction that 
a 0.17% light loss would occur for the residual particles 
which exist in the flame. Understandably, the strong 
<t 0.10 
PREDICTED 
0.00 
2000 3000 4000 5000 6000 
WAVELENGTH(Â) 
7000 8000 
M Ni 
Figure 26. Light scattering versus wavelength, dashed line indicates Mie theory 
prediction for 1.36 u particles (adapted from reference 18) 
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wavelength dependence of scattering predicted by the Rayleigh 
formula and noted by Billings (17) was not observed for the 
larger, undried aerosol droplets. As further evidence 
against Rayleigh scattering/ they cited their earlier paper 
(10) on the molecular absorption spectra of metal monoxides, 
hydroxides, and halides in ordinary flames. They concluded 
that Rayleigh scattering is generally unimportant in flames 
normally used in atomic absorption spectroscopy. 
Clearly, the cause or causes of the light attenuation 
often observed in atomic absorption spectroscopy should be 
resolved and identified. Billings' work implies but does not 
equivocally prove Rayleigh scattering. 
E:q)erimental Facilities 
Instrumentation 
The experimental facilities employed and the operating 
conditions used for observing the atomic and molecular absorp­
tion and the light scattering are summarized in Table 10. 
Sharp-line (hollow-cathode) sources were employed for the 
atomic absorption measurements and, in a few cases, for the 
measurement of the light scattering attenuations. The molecu­
lar absorption spectra and the light scattering were observed 
with the continuum sources indicated in Table 10. The 
primary source image was focused at the flame center 
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Table 10. E:q>e ri mental facilities and operating conditions 
Primary sources 
External optics 
30/60 watt deuterium arc discharge 
laitç) or 625 watt tungsten filament 
laitç) (iodine vapor, quartz envelope) 
and hollow cathode lamps. 
Two fused quartz plano-convex lenses, 
10.9 cm and 16.0 cm focal length, 5 
cm diameter; arranged for 1:1 mag­
nification. 
Flames 
Spectrometer and 
associated electronics, 
detector, power 
supplies, etc. 
Slits 
Solutions 
Long path flames of premixed air and 
acetylene and nitrous oxide-acety­
lene. The air-acetylene flame burn­
ed at a 7.62 x 0.051 cm slot; flow 
rate of 16.6 1/min air and 1.4 to 
2.6 1/min acetylene. The nitrous 
oxide-acetylene flame burned at a 
7.62 X 0.051 cm slot; flow rate of 
15.3 1/min nitrous oxide and 8.4 
1/min acetylene. 
As in Tables 1, 2, and 3. 
Dual unilateral entrance and exit 
slit assembly with straight jaws 
(Jarrell-Ash model 12-014) normally 
set at 100 y for hollow cathode lamp 
and deuterium laiip primary sources, 
100 y corresponds to a calculated 
spectral slit width of 0.82 8 in the 
first order, slits diaphragmed to 
2 mm height. 
Aqueous solutions prepared from re­
agent grade starting materials or 
high purity oxides produced at the 
Ames Laboratory. Starting materials 
dissolved in appropriate amount of 
hydrochloric acid unless otherwise 
indicated. 
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and relayed by the second lens to the spectrometer 
entrance slit. In general, a two millimeter high 
portion of the primary source was used at one-to-one mag­
nification. For most of the measurements, the positions of 
the lenses, burner and primary source were adjusted to main­
tain the one-to-one magnification at the wavelength or wave­
length region of interest. Any background attenuation by the 
flame gases was compensated for by adjusting the amplifica­
tion of the transmitted radiant flux signal to full-scale 
recorder deflection. The flame background absorption ranged 
from zero to as much as 60% between 2000 2 and 3000 S for 
air-acetylene flames. The attenuations produced by different 
salts were measured at 100 S intervals for the wavelength 
region examined (2000-3000 £). Monochromator band-passes of 
0.8-1.6 £ were generally employed. The immediate vicinities 
of the attenuation measurements were scanned, using a sig­
nificantly smaller band-pass, to assure the absence of 
structured absorption spectra by the various salts. 
Results and Discussion 
In our experimental approach, measurements of the inci­
dent and transmitted radiation were made under the configura­
tion al conditions normally encountered in single-beam atomic 
absorption spectrometry. This arrangement was as similar as 
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possible to those used by the majority of investigators cited 
in our literature survey. In this way, we were reasonably 
confident our results would reflect the same phenomenon(-a) 
as theirs did. Billings (17) called attention to the strong 
wavelength dependence of the light attenuation and from this 
he inferred that scattering caused the light losses. However, 
different types of scattering have wavelength dependencies 
ranging from to X For particles very much larger than 
the wavelength of incident radiation, the scattering is 
essentially independent of the wavelength. At the other ex­
treme, for particles very much smaller than the wavelength, 
the scattering is a function of the inverse fourth power of 
wavelength. Scattering in the region between these extremes 
is also wavelength dependent but the precise analytical 
formulae are quite complex. The general formulations, ad­
vanced by Mie, are appropriate in this region. 
The dependency of our data on wavelength was found by 
plotting the log of the measured attenuation against the log 
of the wavelength. For each data set, straight lines could 
be drawn through most of the points. The slopes of these 
lines were very close to -4. Figures 27 through 30 are plots 
-4 
of the attenuation as a function of A . The plots exhibited 
an overall linearity, which is very indicative of Rayleigh 
scattering. However, minor departures were also observed. 
A discussion of the conditions and the simplij^ ing 
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2% (w/v) chromium in the air-acetylene flame 
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solutions of molybdenum and lanthanum in the air-acetylene flame 
ABSORPTION FACTOR ( a )  
ro 
- 2800 
- 2700 
2600 
2500 
2400 
2300 > 
2200 
>> 
2!00 
2000 
o 
qseï 
136 
assmptions which yield the familiar X ^ relationship, termed 
Rayleigh scattering, should rectify the observed departures 
from linearity. The conditions for which Rayleigh scattering 
holds are that the particle size is very much less than X/2-n-
and the product of the relative refractive index (m) of the 
particle and its size is also much less than X/2it. For 
spherical particles of radius a, the size parameter x, which 
is equal to the product of wavenumber (k = Itt/X) and radius, 
must be much less than unity. A radius equal to or less than 
A/20 approximates this condition. The relative refractive 
index of the particle is the ratio of the refractive index of 
the particle to that of the media. Although the absolute 
value of m is arbitrary, for spheres, the absolute value of 
the product, x(m-1) , must be much less than unity. Both ab­
sorption and scattering attenuate light according to the 
Bouguer-Laiabert exponential relationship, 0 = exp (-bl) , 
where $ and 0^  were defined in Chapter I and b is the 
Naperian extinction coefficient. The extinction coefficient, 
b, is quite general in that it is the sum of the coefficients 
for all the phenomena de s crib able by the exponential law. 
Each coefficient is a function of a different set of vari­
ables or each has a different dependence on the variables. 
The extinction coefficient for N identical, spherical 
particles in unit volime is given by 
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b = N,a2 
where a is the radius and is the efficiency factor for 
combined scattering and absorption. Qg^ t defined as the 
ratio of the extinction "cross-section" and the 
geometric cross-section (G) of the particle. is under­
stood as a hypothetical area which corresponds to the energy 
of the incident radiation scattered in all directions and 
absorbed by a particle. The law of energy conservation re­
quires that equal the sum of a scattering cross-section 
(C ) and an absorption cross-section (C , ). In e^ gecting 
S Co, &DS 
-4 linear plots of attenuation versus X , we essentially assumed 
that the absorption cross-sections for the different particles 
were negligible. The expression for Rayleigh scattering is 
s^ca ®sca 
= (8/3) TTk^ lp j ^  
where p is the polarizability and is given by 
p = |^ (m^  - l)/(m^  + 2) j  a^ . 
The dependence is recognized in that k equals 2n/X. 
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The exponential function in the Bouguer-Lambert expression 
was approximated as the first two terms of a series expansion. 
Hence, for small atténuation, the decadic absorbance or ex­
tinction (A) was replaced by the absorption factor (a) which 
is the ratio of either absorbed or scattered to incident 
radiant flux. 
Attenuation arising from other causes, such as atomic 
and molecular absorption or photodissociation processes by 
constituents of the sample matrix, will be manifest as de-
-4 partures from linearity of the a versus X curves. In most 
of the figures there is little or no evidence of atomic or 
molecular absorption. Figure 2 8 is the exception. 
Relatively strong magnesium ion line absorption and absorption 
by a molecular species, MgCl, produced a significant positive 
deviation between 2600 2. and 2800 2.. In the other figures, a 
small positive deviation was frequently observed at wave­
lengths greater than 2600 or 2700 S. Except for the case of 
Mg^  and MgCl absorption, no direct evidence has been found to 
similarly explain the small, apparently structureless positive 
deviations of many of the other salts. Absorption by the 
solid salts may be responsible, but no molecular bands of the 
salts, or their monoxides or hydroxides, are known to emit 
or absorb at the appropriate wavelengths. 
In Figures 28 and 29, a larger and more consistent, nega­
tive deviation was observed in the interval from 2100 to 
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2000 S. (The scattering measurements were not continued 
toward shorter wavelengths because the transmission of the 
flame was low.) The curves became non-linear at short wave­
lengths when the absorption factor approached 0.2. A number 
of experiments were devised to elucidate the cause of the 
non-linearity at short wavelengths. 
Stray radiation passed by the monochromator could pro-
-4 duce the observed low attenuation. However, the X relation­
ship held quite well for the three calcium salts (Figure 27), 
the molybdate salt and the lanthanum salt (Figure 30). 
Furthermore, the possibility of stray radiation from the flame 
or primary source was examined by the use of appropriate fil­
ters in front of the entrance slit. These two observations 
safely removed stray light from suspicion. 
An effort was made to sample the same volume of flame 
gases at the same relative position above the burner over the 
entire wavelength region studied. Since 1:1 magnification was 
used in all experiments, the lenses, flame and primary source 
were moved closer to the entrance slit as the wavelength was 
decreased. The lens apertures were both larger than the sur­
face area intercepted by the cone of acceptance of the mono­
chromator. Single ray tracing will reveal that the volume 
irradiated by the primary source was significantly larger 
than that sampled by the monochromator (Figure 31) . As a re­
sult, the volume of flame gases and scattering centers 
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Relationship between sample cell viewed by spectrometer (shaded region), 
and volume irradiated by primary source as a function of lens position 
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illuminated was slightly different at each wavelength, the 
difference growing as the wavelength decreased. The lens 
apertures could not be very accurately controlled with iris 
diaphragms to maintain a fixed volume. The consequence of 
this resulting sampling volume change would be a decrease in 
the attenuation at the lower wavelengths if either of the two 
following situations exists: (1) the particle size distribu­
tion is a strong function of height in the flame and (2) the 
scattering in the forward direction at small angles from the 
direction of incident radiation is significant at the shorter 
wavelengths. 
The first situation was shown to exist and will be dis­
cussed later. The scattering decreases with increasing height 
in the flame possibly because the scattering centers may have 
become atoms or molecules which scatter less in the wavelength 
region examined (2000 to 2800 &) than the partially vaporized 
salts. Very close to the burner top the particles are still 
too large to produce Rayleigh scattering. Even when the 
sampling volume was held reasonably constant at the monochroma-
tor solid angle of acceptance by adjustment of the lens aper­
tures at each wavelength, the attenuation in the 2100 £ region 
was less than that expected for the correct aperture. 
The second possibility, forward scattering at small 
angles may have contributed to the negative deviation. The 
manner in which this may come about is clear from a 
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consideration of Figure 31. In the absence of scattering 
particles, the radiation which is transmitted by the flame 
(the shaded area in Figure 31a) is measured as 0^ . The 
shaded area is the flame space sampled by the monochromator 
and is fixed by the instruments' solid angle of acceptance, 
Î2, and the magnification of the first lens, L^ , which is 
maintained at 1-to-l magnification. Light from the primary 
source, P, fills the second lens, n^d transverse s a larger 
volume of flame gases. This volume is fixed by the lens 
aperture and magnification (also 1-to-l) and is defined by 
the solid angle When scattering particles are present in 
the flame, radiation may be scattered into the cone of 
acceptance of the monochromator, 0, from incident light out­
side of i.e., (C - 0). This "extra" light energy is not 
accounted for in the measurement of since it is not within 
the solid angle of the monochromator. Hence, the transmitted 
light energy is greater by the amount scattered into the 
instrument, 0 . The measured attenuation, log 
sca(Ç - S2) 
{*o(meas)/*trans(meas))' should be because 
t^rans(meas) equal to @trans(0) s^ca(Ç - fi)* 
ference is expected to become larger at shorter wavelengths 
because the solid angle Ç' is increased accordingly (Figure 
31b) . 
The simple expression for extinction by Rayleigh scatter­
ing assumes the use of parallel light for which no light is 
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Figure 34. Rayleigh scattering: Extinction vs. (1/X) for 
CrCl, (2% Cr w/v) in the air-acetylene flame. 
Full lens apertures 
146 
0.20 
o 0.16 
 ^ 0.12 
5- 0.08 
0.04 
0.00 
1.0 2.0 3D 4.0 5.0 6.0 
X-4 X IO-(4(&-4) 
Figure 35. Rayleigh scattering; Extinction vs. (1/X) for 
CrCl, (2% Cr w/v) in the air-acetylene flame. 
2 mm lens apertures 
147 
forward scattered at zero degrees from An experiment 
was conducted using both full lens apertures and a 2 mm lens 
aperture to test the above hypothesis. Aqueous CaClg and 
CrClg solutions were supplied to the air-acetylene flame via 
an infusion puitç. These salts were selected because in 
earlier experiments the CaClg did not exhibit the negative 
deviation between 2100 and 2000 2 but the CrClg did. 
Rayleigh curves for CaClg using full lens apertures and 2 mm 
apertures are given in Figures 32 and 33, respectively. As 
expected, neither curve shows the negative deviation. The 
curves for CrCl^  (Figures 34 and 35) are, unfortunately, no 
different for the 2 mm aperture than the full aperture in 
that both still exhibit the negative deviation. Apparently, 
forward scattering by particles outside the cone of accept­
ance of the monochromator was of little importance with 
respect to the observed curvature at short wavelength. 
Similarly, the use of parallel radiation was not necessary. 
The assumption that we have spheres all of the same 
radius, a, is one of the weakest points in the simple 
analytical expression for Rayleigh scattering. In fact, the 
extinction coefficient, b, is given by the expression; 
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The efficiency factor for extinction, Qg^ t'  ^function of 
particle size. N{a) is the number density of particles in 
the range a to a + da. The aerosol produced by pneumatic 
devices characteristically contains droplets of widely varying 
diameter, 1 y to 50 y (102). In the flame, the time required 
to produce free atoms from these droplets is certainly a 
strong function of their size, the flame temperature and the 
vapor pressure or decomposition temperature of the salt. As 
the wavelength of the incident radiation is decreased, fewer 
of the salt particles may fall into the domain of Rayleigh 
-4 
scattering. This would yield a negative deviation in the A 
curves. In fact, a large distribution of particle sizes 
could account for some of the positive deviations in the 2600 
to 2800 S region. Particles of about that diameter would 
scatter 2600 to 2800 S radiation more efficiently than shorter 
wavelength radiations. 
Effect of flame environment 
The scattering was found to be somewhat influenced by 
the environment of the scattering centers. One such factor 
examined was the mixture strength of a given premixed fuel 
and oxidant pair. At a given burner height a fuel-rich air-
acetylene flame reduced the scattering significantly compared 
with the attenuation observed for the same salt in a 
stoichiometric flame. The oxidant flow rate and, hence, the 
sample aspiration rate was held constant while the flow of 
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acetylene was varied. The height of observation in the flame 
also had an effect on the degree of scattering. Both the 
variation with mixture strength and with height of observation 
are shown in Figures 36 and 37 for four different salts. For 
the Mg salts, in the stoichiometric flame, the scattering 
first increased with height above the primary reaction zone, 
then remained relatively constant with increasing height. In 
a separate experiment, atomic absorption by Mg free atoms from 
low concentration solutions of both the chloride and sulfate 
salts behaved identically in the flame. The atomic absorption 
was a maximum at 7 mm above the primary reaction zone. Above 
this position, the absorption slowly decreased with increasing 
height. This behavior is to be expected for increasing flame 
dilution with height. The relative constancy of the scatter­
ing for these two low concentration salts above the position 
of maximum atomic absorption suggested that the absolute num­
ber of scattering centers actually may have increased with 
height. Coirpound formation, i.e., association of the atomic 
species with the 0 and OH in the flame gases, is consistent 
with the observed behavior. Both the Ca atomic absorption by 
the dilute solutions and the scattering by the 2% Ca salts 
(chloride and nitrate) decreased rapidly with height. CaO, 
could be formed readily in the stoichiometric flame, and is 
stable because it has a very high melting and boiling point 
(2850°C). The observed decrease in scattering with increasing 
Figure 36. Light loss at 2050 8 versus vertical position in the stoichiometric 
air-acetylene flame. Arrow indicates height of primary reaction 
zone. Solutions are 2% (w/v) in the cation 
» CaCl„ 
O CaXNO^ )-
• MgCl/ 
A MgSO^  
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Figure 37. Light loss at 2050 R versus vertical position in 
the fuel-rich air-acetylene flasie. Arrow indi­
cates height of primary reaction zone. Solutions 
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flame height suggests that the CaO particles formed aggre­
gates too large to cause significant Rayleigh scattering. 
These four salts (Figure 37) all scattered less in the fuel-
rich air-acetylene flame. Above the primary reaction zone, 
the attenuation slowly increased to a maximum, then stabilized 
for the Ca salts. But for the Mg salts, a slight increase 
was observed with height. The fuel-rich flame, which had a 
tendency to suppress the formation of oxides, must become more 
stoichiometric with increasing height due to the entrainment 
of air. This is consistent for the observed increases in 
scattering with height for fuel-rich flames. 
Flame temperature, as well as s toi chiometry, had a strong 
influence on the magnitude of scattering. A fuel-rich nitrous 
oxide-acetylene flame was used to obtain the data presented 
in Figure 38. Comparison of Figure 38 with Figure 37 (fuel-
rich air-acetylene) illustrates the decreased scattering in 
the higher temperature flame. As with the air-acetylene 
flames, a variation in degree of attenuation with burner 
height was evident. The hotter, fuel-rich, nitrous oxide-
acetylene flame was obviously better able to prevent the for­
mation of oxides of the various salts than the air-supported 
flames and could volatilize the salts at a much higher rate. 
Corrections for scattering 
Several investigators have suggested simple methods of 
correcting for "background absorption" arising from the 
Figure 3 8. Light loss at 2050 £ versus vertical position in 
the fuel-rich (p = 1.82) nitrous oxide-acetylene 
flame. Solutions are 2% (w/v) in the cation 
% CaClg 
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sample matrix. Their inference has been that regardless of 
the cause of the attenuation, scattering or molecular absorp­
tion, the correction will be reasonably reliable. Slavin's 
recommended technique (103) consisted of measuring the at­
tenuation by the sample at an essentially non-absorbing line 
very near the analytical line. The attenuation must be 
measured relative to the transmission of flame plus aero­
solized solvent. The reliability and applicability of the 
technique depends upon the existence of a strong, close lying, 
non-absorbing line. The line used may be another line of the 
test element emitted by the hollow cathode lamp as long as no 
significant atomic absorption occurs. Alternatively, a filler-
gas line may be used. More recently, a continuum lamp has 
been eirployed successfully for the direct measurement of 
"background absorption" at the analytical wavelength (10). 
At least one instrument manufacturer now markets a continuum 
lamp accessory to automatically compensate for the "background 
absorption". This method is reliable as long as the line 
absorption (atomic or molecular band) is an insignificant 
fraction of the total attenuation. 
In view of the evidence for Rayleigh-type scattering 
presented in this thesis, the analyst may confidently select 
the most appropriate course of action for the desired accu­
racy. Depending upon the severity of the interference and 
on the accuracy required, the analyst may opt to minimize 
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(or possibly eliminate) the attenuation or make a suitable 
correction for it. Minimization of the scattering may be 
affected via flame stoichiometry or flame temperature (i.e. , 
flame choice). 
A time consuming^  but very satisfactory, method of cor­
rection based upon the Rayleigh relationship seems a natural 
outgrowth of Figures 27 and 30. The attenuation, measured at 
-4 three or more wavelengths, is plotted as a function of X 
Naturally, the wavelength of the analytical line or lines 
should be bracketed for the highest accuracy. Interpolation 
at the analytical wavelength will afford the desired correc­
tion. A more rapid, but less accurate, correction based on 
Rayleigh's law can be obtained by measuring the attenuation, 
a^ , at any good non-absorbing line (X^ ). The correction at 
the analytical line (X^ ) is given by a, = Either 
3. a II XI a 
hollow cathode lamps or a continuum lamp, such as the hydro­
gen or deuterium lamp, can serve as the primary source. Cer­
tain obvious prerequisites must be met if a hollow cathode 
lamp is to suffice in obtaining the Rayleigh plots. Non-
absorbing lines, preferably filler-gas lines, of reasonable 
intensity and with sufficient spectral separation are the 
reguirements. A continuum lamp is undoubtedly the simpler 
and more convenient source. Figure 39 shows the Rayleigh 
plots for 0.2 lig/ml Zn in (A) 0.2%, (B) 0.5%, and (C) 1.0% 
aqueous calcium solutions. The successful correction for 
Figure 39. Correction for scattering via the Rayleigh relationship. Zinc in 
CaClg 
A 0.2 yg/ml Zn in 0.2% (w/v) CaClg 
B 0.2 yg/ml Zn in 0.5% (w/v) CaClg 
C 0.2 vig/itil Zn in 1.0% (w/v) CaClg 
0 deuterium lamp primary source 
A hollow cathode lamp primary source 
1 % absorption due to scattering 
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scattering is evident from Table 11. The wavelengths selected 
for the Rayleigh plots were those of singly ionized zinc emit­
ted by the hollow cathode lamp. These lines were extremely 
weak coirpared to the resonance line yet the Rayleigh plot was 
not significantly different from that obtained using the 
deuterium lamp. The use of at least three different wave­
lengths to obtain the Rayleigh curve is highly recommended 
over the single line Rayleigh correction. 
Some valuable conclusions can be based on the data pre-
-4 
seated. First, the linearity of the X plots indicates that 
the largest contributor to the light attenuation is Rayleigh-
type scattering. As a result of the wavelength dependency of 
the attenuation, the wavelength at which the scattering be-
coines insignificant may be predicted on the basis of a single 
measurement. From this, the need for corrections may be 
assessed and an appropriate method selected from those possi­
bilities which were presented. 
It is significant that Rayleigh scattering by the sample 
matrix and strong flame background absorption occur in the 
same wavelength region. Further, the continuous and molecular 
band absorption by the flame gases substantially reduce the 
radiant flux available for atomic absorption. Scattering, if 
it occurs, reduces this flux even further. Hence, the analy­
sis of trace elements by atomic absorption spectroscopy may 
exhibit very poor precision under these adverse conditions. 
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Table 11. Correction for scattering in the air-acetylene 
flame 
Apparent Zn Corrected Zn conc., ug/ml 
Sample conc. , yg/ml lait^ ) Hollow cathode 
A 0.28 0.23 0.23 
B 0.30 0.21 0.21 
C 0.34 0.21 0.21 
Fortimately, background absorption may be minimized and 
Rayleigh scattering either minimized or eliminated by using 
a fuel-rich nitrous oxide-acetylene flame. Under the correct 
conditions (A and flame height) this flame is almost as trans­
parent in the middle ultraviolet as air-hydrogen. The scat­
tering that is frequently encountered in the low and inter­
mediate teitç>erature flames (e.g., air-propane, butane, 
hydrogen, and acetylene) is not encountered significantly in 
the fuel-rich nitrous oxide-acetylene flame. Thus, the slight 
loss of atomic absorption sensitivity due to flame dilution 
using the acetylene flame is more than conpensated for by 
greater flame stability, less background absorption and 
virtually no Rayleigh scattering. 
159 
CHAPTER V. SUMMARY 
The origins of spurious light attenuations and their 
significance in analytical atomic absorption spectroscopy 
were investigated. Excluding absorption by non-analyte free 
atoms/ the attenuations arose from (a) molecular absorption 
by flame species which were manifest as discrete band spec­
tra, photodissociation continuum (O2) and apparent or real 
continuous absorption by unidentifiable carbon species in 
fuel-rich hydrocarbon flames; (b) molecular absorption by 
simple molecules formed by the association of flame gas con­
stituents and constituents of the sample matrix; and (c) 
Rayleigh scattering by salt particles introduced into the 
flame as aerosols of concentrated solutions. In most of 
the flames studied, flame absorption continua were the major 
causes of light loss at wavelengths below 2800 S. The mole­
cules responsible for the flame background absorption were 
identified. Og and NO absorbed in the wavelength region 
below 2600 The S-R bands were observed in all open flames 
but were negligible in comparison with the underlying con­
tinuum in fuel-rich flames. In stoichiometric and fuel-lean 
flames the absorption was stronger but still only moderate 
in comparison with the continuum. The NO y-bands were ob­
served only in flames supported by nitrous oxide. The 
absorption was strong in fuel-lean flames and absent in 
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rich flames. The NO molecule was best observed in the pri­
mary reaction zone of either or ^ 2^ 2 flames. All the 
flames studied showed strong OH absorption spectra between 
2600 and 3200 2. Fuel-rich hydrocarbon flames and hydrogen 
flames showed less OH absorption than their stoichiometric 
or lean counterparts. In the wavelength region from 3340 to 
3370 2, the NH absorption spectrum was observed. The absorp­
tion was strongest in the preheating zone of the fuel-rich 
nitrous oxide-acetylene flame, strong in the primary reaction 
zone and rapidly decreased to less than 1% above this zone. 
Fuel-rich flames of nitrous oxide-acetylene also showed NH 
absorption in the primary reaction zone and in the interconal 
gases. The absorption intensity increased with increasing 
acetylene. Both NgO- and 02-supported acetylene flames 
showed strong CN absorption. The very strong absorption of 
the Violet system spanned the regions; 3500-3590 £, 3770-
3883 2, and 4115-4216 2 in the N2O supported flame. The 
weaker CN Red system was observed only in the NgO supported 
acetylene flame in the regions 6900 to 7330 2 and 7875-
8150 2. Weak absorption centered at 4050 2 was observed 
in the very fuel-rich oxyacetylene flame. An extensive 
wavelength region was encortpassed by the absorption spectrum 
of the Cp molecule. The C2 Swan bands were observed in the 
fuel-rich oxyacetylene and nitrous oxide-acetylene flames. 
This band system, strong in the oxygen supported flame. 
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absorbed in the regions; 4355-4385 S, 4570-4740 R, 4945-
5165 Rf and 5460-5635 2. The most consistent feature of the 
flame background absorption was the strong continuous absorp­
tion starting at wavelengths as long as 2800 8. and increasing 
in intensity with decreasing wavelength into the vacuum 
ultraviolet. The attenuation was found to be a function of 
mixture strength and combustion mixture constituents. For 
different flames, the order of increasing absorption was 
air-H^  < N2O-C2H2 < air-C^ H^  <  ^^ 2~^ 2 the 
optimum mixture strength of each flame with respect to mini­
mum attenuation. At a given burner height, the absorption 
varied markedly with mixture strength for hydrocarbon flames 
and varied less strikingly for hydrogen flames. For fuel-
rich acetylene flames, the absorption passed through a 
minima as the fuel flow rate decreased at constant oxidant 
flow rate. These minima shifted to greater height in the 
flame with decreasing mixture strength due to secondary com­
bustion with entrained air. 
The analytical consequence of flame background absorp­
tion was, generally, deterioration of the power of detection 
of trace level analytes. In no instance was the most sen­
sitive analytical line for an element unusable because of 
flame absorption other than in those cases previously re­
ported in the literature. Since the background absorption 
showed a minina for distinctly fuel-rich mixtures in 
162 
acetylene flames, the influence of this attenuation on the 
detectability of an element may be minimized, with only 
slight loss of sensitivity, by appropriate choice of flame 
and mixture strength. 
A second type of spectral interference was identified 
conclusively as Rayleigh scattering by the sample matrix. 
This type of interference leads to serious errors in analysis 
since the analyst may not recognize its presence under 
ordinary conditions. The attenuations observed for aerosols 
of 1% aqueous solutions fed to air-acetylene flames exhibited 
-4 the familiar X dependency characteristic of Rayleigh 
scattering. The effect was, of course, strongest in the 
ultraviolet. Combustion mixture, mixture strength, flame 
temperature and burner height all effected the magnitude of 
the scattering for a given salt. Minimization, or even 
elimination, of the interference was favored by (a) increas­
ing the fuel-to-oxidant ratio, (b) allowing a longer 
residence time for the salt in the flame (the scattering 
generally decreased with increasing height of observation) 
and (c) substitution of a higher temperature flame. A method 
-4 
of correction for Rayleigh scattering, based on the A 
relationship, was demonstrated for Zn in a CaCl2 matrix. 
Both hollow cathode lamps and deuterium continuum laitçs were 
used to measure the scattering losses by the CaCl^  solutions 
at a number of wavelengths in the vicinity of the Zn 
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resonance line. The correction was very good in spite of 
the small amount of Zn radiation transmitted by the flame. 
The combined effect of strong flame background absorption 
and scattering losses resulted in a rather noisy signal 
which would undoubtedly reduce the precision of analysis. 
Interference from scattering would be insignificant for this 
analysis in the hotter nitrous oxide-acetylene flame. Zn 
absorption is not very sensitive to mixture strength. Thus, 
the flame background absorption can be minimized without 
effecting the Zn absorption seriously. The net results of 
using the fuel-rich nitrous oxide-acetylene flame should be 
a slightly less sensitive, scattering free, and faster 
analysis with better precision than could be attained using 
an air-acetylene flame on the same set of solutions. 
Spectral interferences from absorption by molecular 
species formed from analyte concomitants were examined. A 
survey of potential interferences showed that very few were 
actually significant either in degree of absorption or in 
involving the most sensitive analytical line of an element. 
Only the interference by LuO on a sensitive Eu line was strong 
enough to cause a real problem for the analyst. Of the many 
possible interferences, it was fortunate that most involve 
analytes which are determined in fuel-rich, nitrous oxide-
acetylene flames. Hence, the probability of actually en­
countering the interference is, generally, slight since few 
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molecular species are stable in fuel-rich, nitrous oxide-
acetylene flames. Thus, the use of this flame is highly 
recommended when the possibility of an interference is 
suspected. 
In conclusion, the precursors of most of the observed 
light attenuations in analytical atomic absorption spectro­
scopy were identified. Their influence on the practice of 
this rapid, instrumental method of analysis was carefully 
examined and the significance of each type of interference 
was assessed. A number of successful remedies were suggested 
to minimize or eliminate many of these problems. 
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